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How Basic Research on Surfaces led to a Nobel Prize and a 

Revolution in Metrology  
 

Klaus v. Klitzing  
 

Max Planck Institute for Solid State Research  D-70569 Stuttgart  

 
K.Klitzing@fkf.mpg.de 

  

The Quantum Hall Effect (QHE, Nobel Prize 1985) was an unexpected discovery starting with the 

analysis of unwanted contributions of surface effects.  

The talk summarizes the success story of the application of the QHE in metrology, which led finally to 

a revised international system of units worldwide introduced on 20.5.2019.     

Mon-09:00-PL
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Intelligent Molecular Switches that Mimic Synapses 
 

Christian A. Nijhuis 
 

Department of Molecules and Materials, MESA+ Institute for Nanotechnology and Center for Brain-
Inspired Nano Systems (BRAINS), Faculty of Science and Technology, University of Twente, P.O. Box 217, 

7500 AE Enschede, The Netherlands. 
C.A.Nijhuis@utwente.nl 

 
C.A.Nijhuis@utwente.nl  

 

Our brains constitute a molecular computer that is able to process enormous amounts of information 
with a tiny energy budget. Inspired by the energy efficiency of brains and the ever-increasing demand 
for miniaturised electronics, there is a drive to develop devices that mimic the dynamic character of 
neurons and synapses [1]. To achieve this goal, brain-like computing is emulated with energy inefficient 
and complex silicon-based circuits or with mesoscale memristors, but these approaches still require 
large amounts of energy.  In this context, molecular switches are an interesting approach, but so far 
molecular switches lack the learning capability because they toggle in a digital on/off manner [2]. This 
presentation aims to introduce a new type of molecular switch that can remember its switching history 
[4,5]. I will explain the design rules of molecular switches tailor made to operate in solid state electronic 
devices [6]. By coupling fast electron transport to slow proton addition steps via dynamic covalent 
bonds, the switches can switch in a time-dependent analogue manner like synapses and mimic basic 
spike-rate dependent plasticity, Pavlovian (associative) learning, and emulate all Boolean logic gates. 
These intelligent molecular switches are promising to develop spiking neural networks and open new 
ways to design molecular-electronic devices by exploiting the inherent dynamical properties of 
molecules [7]. 

 

Fig. 1. Visualization of a molecular switch connected to two electrodes leading multifunctional junctions [5,6]. 

 
References 
[1] Christensen et al. Neuromorph. Comput. Eng. 2, 022501, (2022). 
[2] Gehring, P., Thijssen, J. M., van der Zant, H. S. J. Nat. Rev. Phys. 1, 381-396 (2019). 
[3] Thompson, D.; Barco, E. d.; Nijhuis, C. A. Appl. Phys. Lett. 117, 030502 (2020). 
[4] Chen, X.; Roemer, M.; Yuan, L.; Du, W.; Thompson, D.; del Barco, E.; Nijhuis, C. A. Nat. Nanotechnol. 12, 797–803 (2017). 
[5] Han, Y.; Nickle, C.; Zhang, Z.; Asstier, P. A. G.; Duffin, T. J.; Qi, D.; Wang, Z.; del Barco, E.; Thompson D.; Nijhuis, C. A. Nat. 
Mater. 19, 843-848 (2020). 
[6] Thompson, D.; Del Barco, E.; C.A. Nijhuis Appl. Phys. Lett, 117, (2020). 
[7] Wang, Y.; Zhang, Q.; Nickle, C.; Venkatakrishnarao, D.; Zhang, Z.; Leoncini A.; Qi, D.-C.; Han, Y.; del Barco, E.; Thompson, D.; 
Nijhuis, C. A. Nat. Mater. 21, 1403-1411 (2022). 
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Why is Operando Crucial for the Future of Surface Science?  

Beatriz Roldan Cuenya  

Department of Interface Science, Fritz-Haber-Institute of the Max Planck Society, Berlin 

roldan@fhi-berlin.mpg.de  

Climate change concerns have spurred a growing interest in developing environmentally friendly 
technologies for energy generation (i.e. green H2 from water splitting) and to re-utilize CO2 in thermal 
catalysis applications where it is reacted with green H2 to produce liquid fuels. Moreover, the 
electrochemical reduction of CO2 (CO2RR) into value-added chemicals offers an additional possibility to 
store renewable energy into chemical bonds. Thus, efficient, selective and durable catalysts must be 
developed. Nonetheless, in order to tailor the chemical reactivity of nanocatalysts, fundamental 
understanding of their structure and surface composition under reaction conditions must be obtained. 
Surface science characterization methods are key to gain such insight, however, such methods must be 
applied under operando conditions, since even morphologically and chemically well-defined pre-
catalysts will be susceptible to drastic modifications during catalysis. Even more, such changes might 
be reversible when the applied external stimulus (pressure, temperature, electrical potential, chemical 
environment) is removed, leading to misleading information on the nature of the active sites when only 
pre-natal and post-mortem characterization data are available.   
This talk will provide examples of the operando evolution of catalysts employed in the thermal and 
electrocatalytic reduction of CO2 as well as the oxygen evolution reaction (OER) using model pre-
catalysts ranging from nanoparticles (Cu NPs, CuZn NPs, Cu2O cubes, ZnO@Cu2O cubic NPs, CoOx NPs), 
to thin films (Co1+δFe2-δO4) and single crystals [Cu(100),(111), Ga/Cu(111),(100)]. Some of the aspects 
that will be discussed here include the understanding of the active state formation, and the correlation 
between the dynamically evolving structure and composition of the working catalysts and their catalytic 
performance. Our studies are expected to open up new routes for the reutilization of CO2 through its 
direct conversion into industrially valuable chemicals and fuels and a more efficient green hydrogen 
production.    

Wed-09:00-PL
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Architecturing Graphene Interfaces and Functionalized 
Nanoparticles for Nanotechnology and Bionanoscience 

 
Cristiana Di Valentin1, D. Perilli,1 P. Siani,1 E. Donadoni,1 G. Frigerio,1 C. Daldossi1 

 
1 Dipartimento di Scienza dei Materiali e Centro di Bionanomedicina, 

 Università di Milano Bicocca, Milano, Italy 
 

cristiana.divalentin@unimib.it 

 

Interesting structural and electronic effects are observed when electronically or chemically doped 
graphene is interfaced with metal surfaces or molecular layers. In the first part of this talk we review 
some examples that have been simulated in our group by means of density functional theory (DFT) 
calculations and compared with experimental results: N-doped graphene interfaced with Ni(111) 
[1,2,3], B-doped graphene interfaced with Ir(111) [4], Fe-doped graphene interfaced with Pt(111) [5], 
and p-type doped graphene interfaced with a nickel-phthalocyanine (NiPc) monolayer [6] or 
functionalized with tetrazine [7]. 

The second part of the talk is devoted to functionalized transition metal oxide nanoparticles (i.e. TiO2 
and Fe3O4) for biomedical applications. Atomic models of realistic size (2-4 nm, i.e. 800-4000 atoms) 
are used to simulate, at a quantum mechanical level of theory in combination with classical molecular 
dynamics, the structural, electronic and magnetic properties of these nanosystems, their interaction 
with light and with the aqueous environment. Surface functionalization with stabilizing polymers or 
functionalizing molecular species for drug delivery, targeting and imaging is also investigated [8-11]. 
 
[1] S. Fiori et al. Carbon, 171, 704 (2021) 
[2] D. Perilli et al. J. Phys. Chem. Lett., 11, 8887 (2020) 
[3] S. Del Puppo et al. Carbon, 176, 253 (2021) 
[4] M. G. Cuxart et al. Carbon, 201, 881 (2023) 
[5] T. Kosmala et al. Nature Catalysis, 4, 850 (2021) 
[6] A. Casotto et al. Nanoscale, 14, 13166 (2022) 
[7] S. Freddi et al. ACS Nano, 16, 10456 (2022) 
[8] S. Motta et al. Nanoscale, 15, 7909 (2023) 
[9] E. Donadoni et al. Nanoscale, 14, 12099 (2022)  
[10] P. Siani et al. Journal of Colloid and Interface Science, 627, 126 (2022) 
[11] P. Siani, c. Di Valentin, Nanoscale, 14, 5121 (2022) 
 



2D MXenes – Control of Properties through Surface Chemistry 
and Atomistic Design 

 
Yury Gogotsi 

 
Department of Materials Science and Engineering, and A. J. Drexel Nanomaterials Institute,  

Drexel University, Philadelphia, PA 19104, USA 
 

Gogotsi@drexel.edu      http://nano.materials.drexel.edu 
 

MXenes are a family of two-dimensional (2D) transition metal carbides and nitrides, with a general 
formula of Mn+1XnTx, where M is a transition metal, X is carbon and/or nitrogen, T represents the surface 
terminations (O, OH, halogen, chalcogen, etc.), and n = 2—5 [1]. More than 50 MXene compositions 
have already been reported, but the number of possible compositions is infinite, if one considers solid 
solutions and combinations of surface terminations. MXenes open an era of computationally driven 
atomistic design of 2D materials. 

MXenes have shown electronic, optical, mechanical, and electrochemical properties that clearly 
differentiate them from other materials. Moreover, those properties are tunable by design and can be 
modulated using an ionotronic approach [2], leading to breakthroughs in fields from optoelectronics, 
electromagnetic interference shielding, and communication to energy storage, catalysis, sensing, and 
medicine.  In several applications, such as electromagnetic shielding, MXenes have outperformed all 
other materials. In this talk, I’ll discuss the synthesis and structure of MXenes, their optoelectronic and 
electrochemical properties, as well as coupling between electrochemical redox processes in MXenes 
and their optical properties, which can be monitored in situ using spectroelectrochemistry techniques 
[3]. 

 

Fig. 1. Representative structures of MXenes (M – red, X – black) and samples of MXene films and colloidal 
solutions of 2D flakes showing a variety of colors, which originate from differences in optical absorption. 

 
[1] A. VahidMohammadi, J. Rosen, Y. Gogotsi, The World of Two-Dimensional Carbides and Nitrides (MXenes), Science, 

372, eabf1581 (2021) 
[3] M. Han, D. Zhang, C. E. Shuck, B. McBride, T. Zhang, R. (John) Wang, K. Shevchuk, Y. Gogotsi, Electrochemically 

Modulated Interaction of MXenes with Microwaves, Nature Nanotechnology, 18, 373–379 (2023) 
[2]  D. Zhang, R. (John) Wang, X. Wang, Y. Gogotsi, In situ monitoring redox processes in energy storage using UV-Vis 

spectroscopy, Nature Energy, 8, 567–576 (2023) 
 

Fri-09:00-PL
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Engineering qubits in silicon with atomic precision  

 

Michelle Y. Simmons  
  
  

 Silicon Quantum Computing, Sydney, Australia   
  

Michelle.simmons@unsw.edu.au  

  

The realisation of a large-scale error corrected quantum computer relies on our ability to reproducibly 
manufacture qubits that are fast, highly coherent, controllable and stable. The promise of achieving 
this in a highly manufacturable platform such as silicon requires a deep understanding of the materials 
issues that impact device operation. In this talk I will demonstrate our progress to engineer every 
aspect of device behaviour in atomic qubits in silicon. This will cover the use of atomic precision 
lithography to achieve fast, controllable exchange coupling [1], fast, high fidelity qubit initialisation and 
read-out [2]; low noise all epitaxial gates allowing for highly stable qubits [3]; and qubit control [4] that 
provide a deep understanding of the impact of the solid-state environment [5] on qubit designs and 
operation. I will also discuss our latest results in [6] analogue quantum simulation.   

   
[1] Y. He, S.K. Gorman, D. Keith, L. Kranz, J.G. Keizer, and M.Y. Simmons, “A fast ( ns) two-qubit gate between phosphorus donor 

electrons in silicon”, Nature 571, 371 (2019)  

[2]  D. Keith, M. G. House, M. B. Donnelly, T. F. Watson, B. Weber, M. Y. Simmons,  “Microsecond Spin Qubit Readout with a 

Strong-Response Single Electron Transistor”,  Physical Review X 9, 041003 (2019); 

[3]  D. Keith, S. K. Gorman, L. Kranz, Y. He, J. G. Keizer, M. A. Broome, M. Y. Simmons, “Benchmarking high fidelity single-shot 

readout of semiconductor qubits”, New Journal of Physics 21, 063011 (2019).  

[4]  L. Kranz S. K. Gorman B. Thorgrimsson Y. He D. Keith J. G. Keizer M. Y. Simmons, “Exploiting a Single-Crystal Environment 

to Minimize the Charge Noise on Qubits in Silicon”, Advanced Materials 32, 2003361 (2020).   

[5] L. Fricke, S.J. Hile, L. Kranz, Y. Chung, Y. He, P. Pakkiam, J.G. Keizer, M.G. House and M.Y. Simmons, “Coherent spin control 

of a precision placed donor bound electron qubit in silicon”, Nature Communications 12, 3323 (2021).   

[6] M. Koch, J.G. Keizer, P. Pakkiam, D. Keith, M.G. House, E. Peretz, and M.Y. Simmons, “Spin read-out in atomic qubits in an 

all-epitaxial three-dimensional transistor”, Nature Nanotechnology 14, 137 (2019 – with cover article).   

[7] M. Kiczynski, S.K. Gorman, H. Geng, M.B. Donnelly, Y. Chung, Y. He, J.G. Keizer and  M.Y. Simmons, "Engineering topological 

states in atom-based semiconductor quantum dots",  Nature 606, 694-699 (2022)  

Fri-10:30-PL

12



Transition metal dichalcogenides and topological 
semimetals grown by molecular beam epitaxy – challenges 

and opportunities 
 

J. Sadowski1,2,3 
 

1 Institute of Physics, Polish Academy of Sciences, al. Lotników 32/46, 02-668 Warsaw, Poland 
2 Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland 

3 Ensemble3 Centre of Excellence, Wólczyńska 133, 01-919 Warsaw, Poland 
 

janusz.sadowski@ensemble3.eu; janusz.sadowski@ifpan.edu.pl 

 

Molecular beam epitaxy (MBE) -  an established method of growing thin crystalline layers and 
heterostructures embracing low dimensional structures of variety of materials can also be used for the 
growth of transition metal dichalcogenides (TMD) and topological semimetals, extensively investigated 
over the last decade. Investigations of both classes of materials have initially been based on specimens 
acquired from bulk crystals. The use of MBE opens a range of new opportunities related to the 
advantages of this growth technique, such as in-situ control of the growth regarding the thickness of 
deposited material, its crystalline perfection, surface smoothness, composition of multinary alloys, etc. 
Moreover formation of heterostructures combining different materials, even dissimilar in terms of 
crystallographic and electronic structure, magnetic properties, is quite straightforward with use of the 
MBE growth method. 

I will review selected results of the efforts to grow by MBE thin layers of TMD Van der Waals materials: 
MoTe2, MoSe2, NiTe2; and TaAs - the first experimentally realized topological Weyl semimetal (WSM). 
MBE growth of both groups of materials faces different challenges. In case of TMD the deposition of 
exactly one monolayer (ML) providing direct bandgap of semiconducting TMD has to be achieved. 
Moreover the effective protection of such an extremely thin layer is an issue, to prevent its degradation 
on exposure to ambient conditions after the growth in ultra-high vacuum MBE environment. This can 
be resolved by deposition of a suitable (transparent) capping layer. 

Some TMD materials can occur in distinct crystalline phases (e.g. MoTe2 with semiconducting 2H phase 
and metallic 1T’ one). The occurrence of selected phase requires a fine tuning of the MBE growth 
conditions, in many cases the mixture of both phases can arise in the MBE-grown TMD layer. 

For WSM (e.g,. TaAs) grown by MBE the key issue is the crystalline perfection and lateral uniformity of 
the grown film; indispensable for revealing unique WSM features related to topologically protected 
Weyl fermions.  

The successful application of the MBE technique for deposition of TMD, WSM (and other topological 
materials not mentioned here) opens new research perspectives, hardly possible with use of specimens 
derived from bulk crystals. It also opens a way for applications of these materials in novel devices, since 
device technology is based on thin films rather than bulk crystals or crystalline flakes obtained by 
exfoliation. 

 
The research outcome related to our own results presented here has been supported by the National 
Science Centre (Poland), through projects Nos. 2017/27/B/ST5/02284 and 2021/41/ST3/04183. 

Fri-11:30-PL
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17. Tue-11:10-O-2DM Tuesday, August 29 11:10 / 20 min Regular talk

Mikołaj Lewandowski
NanoBioMedical Centre, Adam Mickiewicz University in Poznań, 
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18. Tue-11:30-O-2DM Tuesday, August 29 11:30 / 20 min Regular talk

Saeed Sovizi
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19. Tue-11:50-O-2DM Tuesday, August 29 11:50 / 20 min Regular talk

Valentina De Renzi
Dipartimento di Scienze Fisiche, Informatiche e 
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20. Tue-12:10-O-2DM Tuesday, August 29 12:10 / 20 min Regular talk

Antonio Caporale
University of Rome “Tor Vergata” 

Electronic and morphological properties of the 
graphene/Ge(110) interface as a function of temperature 

21. Tue-14:00-I-2DM Tuesday, August 29 14:00 / 40 min Invited speaker

Johannes Binder
University of Warsaw 

Epitaxial Hexagonal Boron Nitride – Growth, Properties and 
Applications 

22. Tue-14:40-O-2DM Tuesday, August 29 14:40 / 20 min Regular talk

Piotr Tatarczak
University of Warsaw, Faculty of Physics 
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emission from defects in hBN? 

23. Tue-15:00-O-2DM Tuesday, August 29 15:00 / 20 min Regular talk

Wiktoria Reddig
Poznan University of Technology 

Exploring possible modes of damage caused by neutron radiation 
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ELKH-SZTE Reaction Kinetics and 
Surface Chemistry Research Group, 
Szeged, Hungary 

Mechanistic insights into thermal processes of metal deposits on 
h-BN/Rh(111): A comparison of Au and Rh 
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Arka Karmakar
University of Warsaw 

Interlayer Energy Transfer in Type-II 2D Heterostructure 

26. Wed-10:30-I-2DM Wednesday, August 30 10:30 / 40 min Invited speaker

Jose Lado
Aalto University 

Artificial van der Waals multiferroics with twisted two-dimensional materials 

27. Wed-11:10-O-2DM Wednesday, August 30 11:10 / 20 min Regular talk

Masahiro Haze
The Institute for Solid State Physics, The 
University of Tokyo, Japan 

Microscopic Study of Quantum Phase Transition on Atomic-Layer 
Superconductors 
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28. Wed-11:30-O-2DM Wednesday, August 30 11:30 / 20 min Regular talk

Peter Machata
Polymer Institute SAS, Dubravska cesta 9, 845 
41 Bratislava 

Wettability of MXene: A Comprehensive Study 

29. Wed-11:50-O-2DM Wednesday, August 30 11:50 / 20 min Regular talk

Elwira Wachowicz
Institute of Experimental Physics, University of 
Wrocław 

Interfacing 2D materials with a ferrite: Gr/Fe3O4(111) and 
MoS2/Fe3O4(111) 

30. Wed-12:10-O-2DM Wednesday, August 30 12:10 / 20 min Regular talk

Andrea Tonelli
University of Modena and Reggio Emilia 

Evidence of band folding in the charge density wave of 4Hb-TaSe2 

31. Wed-14:00-I-2DM Wednesday, August 30 14:00 / 40 min Invited speaker

Oded Hod
Tel Aviv University 

Layered Ferroelectricity: from Geometric Measures to First-Principles 
Calculations 

32. Wed-14:40-O-2DM Wednesday, August 30 14:40 / 20 min Regular talk

Bartosz Szczefanowicz
INM - Leibniz Institute for New Materials 

Kinetic nanoscale friction on van der Waals 
heterostructures 

33. Wed-15:00-O-2DM Wednesday, August 30 15:00 / 20 min Regular talk

Antoine Hinaut
University of Basel 

Rewritable superlubricity on Nitrogen-doped graphene moiré 
superlattices 

34. Wed-15:20-O-2DM Wednesday, August 30 15:20 / 20 min Regular talk

Lucia G Arellano-Sartorius
Department of Engineering Science, The University of 
Electro-Communications (UEC Tokyo) 

Structural stability and electronic states of AA and 
AB stacked II-V compounds 

35. Wed-15:40-O-2DM Wednesday, August 30 15:40 / 20 min Regular talk

Subrahmanyam Bandaru
University of Warsaw 

Band gap engineering of two-dimensional ScB MBene 

36. Wed-16:30-I-2DM Wednesday, August 30 16:30 / 40 min Invited speaker

Felix Baumberger
University of Geneva & Swiss Light Source, PSI 

Imaging moiré mini bands in 2D materials by nano-ARPES 

37. Wed-17:10-O-2DM Wednesday, August 30 17:10 / 20 min Regular talk

Jakub Iwański
Faculty of Physics, University of Warsaw, 
Pasteura 5, 02-093 Warsaw, Poland 

Manipulation of indirect/direct bandgap character of hBN by alloying 
with Al 
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38. Wed-17:30-O-2DM Wednesday, August 30 17:30 / 20 min Regular talk

Sergi Campos Jara
Leiden University 

Bandgap Modulation of Boron Nitride-doped Graphene 

39. Wed-17:50-O-2DM Wednesday, August 30 17:50 / 20 min Regular talk

Maksym Dub
Center for Terahertz Research and 
Applications (CENTERA), Institute of High 
Pressure Physics PAS, ul. Sokołowska 
29/37, 01-142, Warsaw, Poland 

Low-frequency noise and sub-THz detection in Graphene/AlGaN/GaN 
heterostructures 

40. Wed-18:10-O-2DM Wednesday, August 30 18:10 / 20 min Regular talk

Jacek Kolodziej
Faculty of Physics, Astronomy and Applied 
Computer Science, Jagiellonian University, 
Lojasiewicza 11, 30-348 Kraków, Poland and 
National Synchrotron Radiation Centre 
SOLARIS, Jagiellonian University, Czerwone 
Maki 98, 30-392 Kraków, Poland 

Localization of electronic states in a semiconductor revealed by 
their response to the band bending potential 

41. Thu-10:30-O-2DM Thursday, August 31 10:30 / 20 min Regular talk

Andrii Naumov
AGH University of Krakow, Academic Centre 
for Materials and Nanotechnology, al. 
Mickiewicza 30, 30-059 Krakow, Poland 

In-plane band banding effect around Au islands grown on a Bi2Te3 
topological insulator 

42. Thu-10:50-O-2DM Thursday, August 31 10:50 / 20 min Regular talk

Zhaozong Sun
Aarhus University 

Atomic structure of lead-free Cs3Bi2Br9(001) perovskite surface 

43. Thu-11:10-O-2DM Thursday, August 31 11:10 / 20 min Regular talk

Thais Chagas
Department Physik, Universität Siegen, 
Walter-Flex-Str. 3, 57072, Siegen, 
Germany 

Nucleation Stage for the Oriented Growth of Tantalum Sulfide 
Monolayers on Au(111) 

44. Thu-11:30-O-2DM Thursday, August 31 11:30 / 20 min Regular talk

Gloria Anemone
CUNEF Universidad 

Electron-phonon coupling and thermal expansion in 2D materials 

45. Thu-11:50-O-2DM Thursday, August 31 11:50 / 20 min Regular talk

Shunsuke Tanaka
The Institute for Solid State Physics 

The interaction between hydrogen and MoS2 basal planes 
studied by near-ambient pressure XPS and DFT calculations 

46. Thu-12:10-O-2DM Thursday, August 31 12:10 / 20 min Regular talk
Sylvester Sahayaraj Masilamani Leo
Centrum Badań i Rozwoju Technologii dla Przemysłu S.A., L. Waryńskiego 3A, 
00-645 Warszawa, Poland 

Semiconductor and optical properties of 
Ge-doped ZnO thin films grown by ALD method 

18



2DM
2D Materials & Layered Materials 
57 talks

47. Thu-14:00-O-2DM Thursday, August 31 14:00 / 20 min Regular talk

Maciej Molas
University of Warsaw 

Hot luminescence or Raman scattering in monolayers of MoSi2N4 

48. Thu-14:20-O-2DM Thursday, August 31 14:20 / 20 min Regular talk

Alessandro Sala
CNR-IOM 

Quantum Confinement in Aligned Zigzag “Pseudo-Ribbons” 
Embedded in Graphene on Ni(100) 

49. Thu-14:40-O-2DM Thursday, August 31 14:40 / 20 min Regular talk

Adela Nicolaev
National Institute of Materials Physics, 
Atomi?tilor 405A, 077125 Măgurele, Ilfov, 
Romania 

Intercalation of carbon monoxide in sub-monolayer graphene on 
Pt(001) 

50. Thu-15:00-O-2DM Thursday, August 31 15:00 / 20 min Regular talk

Yasuo Cho
Tohoku university 

Carrier distribution in mechanically exfoliated WSe2/SiO2 and suspended 
WSe2 measured by scanning nonlinear dielectric microscopy 

51. Thu-15:20-O-2DM Thursday, August 31 15:20 / 20 min Regular talk

Grzegorz Romaniak
Faculty of Mechanical Engineering, Institute of Materials 
Science and Engineering, Lodz University of Technology 
1/15 Stefanowskiego St., 90-924 Lodz, Poland/Amii Sp. z 
o.o.,22 Techniczna St., 92-518 Lodz, Poland 

Composite graphene membranes for water purification 

52. Thu-15:40-O-2DM Thursday, August 31 15:40 / 20 min Regular talk

Wojciech Ryś
University of Lodz 

Interactions in a van der Waals heterostructure created from graphene 
and tungsten (IV) telluride 

53. Thu-16:30-I-2DM Thursday, August 31 16:30 / 40 min Invited speaker

Mariusz Krawiec
Maria Curie-Sklodowska University 

Dirac Fermions in Si-Au Heterostructures 

54. Thu-17:10-O-2DM Thursday, August 31 17:10 / 20 min Regular talk

Richard Gubo
SynCat@Beijing, Synfuels China Technology 
Co. Ltd., Leyuan South Street II, No. 1, 
Huairou District, 101407 Beijing, China 

Similarities and trends in adsorbate induced reconstruction - structure 
and stability of FCC iron and cobalt surface carbides 

55. Thu-17:30-O-2DM Thursday, August 31 17:30 / 20 min Regular talk

Xue-sen Wang
Department of Physics, National University 
of Singapore, 2 Science Drive 3, Singapore 
117542 

Morphology Evolution of Flat Blue Phosphorene on Cu(111) with 
Increasing Phosphorus Coverage 
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56. Thu-17:50-O-2DM Thursday, August 31 17:50 / 20 min Regular talk

Alaa Mohammed Idris Bakhit
Materials Physics Center (MPC) 

Formation of Europium transition metal 
surface compounds and protection of Eu 
below hexagonal boron nitride 

57. Thu-18:10-O-2DM Thursday, August 31 18:10 / 20 min Regular talk

Yuji Hamamoto
Graduate School of Engineering, Osaka 
University 

Machine-Learned Structure Search for Silicene on Ag(111) 
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Towards epitaxial graphene-based quantum materials  
  

Christoph Tegenkamp  
 

 Institute of Physics, Chemnitz University of Technology, Germany  

  
christoph.tegenkamp@physik.tu-chemnitz.de  

  

2D heterostructures as well as nanostructures of 2D materials are intensively studied and discussed as 
emergent quantum materials for future technologies. Epitaxial 2D systems are of interest here because 
interfaces and edges can be manipulated in manifold ways. Using epitaxial graphene on insulating 
SiC(0001) substrates as an example, we demonstrate the potential of edge termination and proximity 
coupling using nanostructuring and intercalation.  

In contrast to CNTs, for graphene nanoribbons (GNR) the edges play a crucial role, but at the same time 
offer the possibility for further functionalization. Moreover, large-area and scalable GNR arrays can be 
fabricated directly on SiC substrates. Thereby, the width and edge topology of the GNRs are tunable 
and defined by the SiC-mesas and allow growing gapped armchair and ballistic zigzag GNRs due to 
confinement and hybridization of the edges, respectively [1,2].  

A step further in complexity involves combining different two-dimensional (2D) materials to fabricate 
graphene with novel properties, i.e. spin-orbit coupling or superconductivity. Possibly driven by the 
manifold of monolayer Pb structures on Si surfaces, intercalation of Pb into the interlayer of graphene 
and SiC has attracted recently a lot of attention. We were now able to show, that the  quasi 10-fold 
periodicity is rather a grain boundary effect. The formation of the domain grain boundaries comes 
along with a rotation of the Pb-induced supercell. The number of Pb atoms nicely match the number 
of Si adatoms and allows for a perfect compensation of surface dangling bonds giving rise to 
quasicharge-neutral graphene. Moreover, after intercalation of Pb multilayer structures plumbene 
honeycomb lattices are formed, which are rotated by with respect to graphene. Along with this twist, 
a proximity-induced modulation of the hopping parameter in graphene opens a band gap of around 30 
meV at the Fermi energy, giving rise to a metal-insulator transition [3-5].  

  
[1] T.T.N. Nguyen et al., Nano Lett. 21, 2876 (2021).   
[2] H. Karakachian et al., Advanced Functional Materials 32, 2109839 (2022).  
[3] M. Gruschwitz et al., Materials 14, 7706 (2021).  
[4] P. Schädlich et al., submitted   
[5] C. Ghosal et al., Phys. Rev. Lett. 129, 116802 (2022).  
  

Mon-10:30-I-2DM

22



New structural phase of single atom thick layer of antimony 
 

R. Zdyb, A.  Stępniak-Dybala,  T.  Jaroch, M. Krawiec,  P.  Dróżdż,  M. Gołębiowski  
 

Institute of Physics, Maria Curie-Sklodowska University, Lublin, Poland  
 

ryszard.zdyb@mail.umcs.pl 

 

Recent years brought significant increase of interest in two dimensional materials built of elements 
from XVth group of the periodic table. Phosphorene, bizmuthene and antimonene are of particular 
interest because of expected high mobility of charge carriers and direct band gap which in addition can 
be easily tuned. Contrary to its neighbours in that group antimonene has many additional advantages 
e.g. it is resistant to oxidation and does not degrade in contact with water. Theoretical studies predict 
numerous phases of antimonene [1], however, only two of them have been synthesized [2,3]. The α 
phase has a puckered structure with two atomic sublayers [2] and  phase has a buckled honeycomb 
structure [3].  
This paper presents results of experimental STM, LEED, LEEM and theoretical DFT studies indicating the 
formation of a new structural phase of single layer of antimony atoms. The layer has been prepared on 
a W(110) substrate by molecular beam epitaxy. The new phase of single atom thick antimony film has 
completely different crystallographic structure compared to the known structures including 
theoretically predicted ones. It is in part defined by a symmetry and structural order of the underlying 
tungsten substrate. It appears that the antimony atoms form homogenous film with lateral size of the 
order of several mm. According to the STM measurements and DFT calculations the layer is perfectly 
flat and possesses neither buckling nor atomic sublayers characteristic for the known phases of 
antimonene.  

 

Acknowledgments: This research was in part funded by the National Science Centre (Poland) under 
Grant No 2020/37/B/ST5/03540.  

 

 
[1] S. Zhang et al., Angew. Chem., 1 2 8 , 1698 (2016) 

[2] T. Märkl, P et al., 2D Mater. 5 , 011002 (2018) 
[3] J. Ji, X et al., Nat. Commun. 7 , 13352 (2016) 
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Emergent flat band in quasi-one-dimensional Indium Telluride 

Meryem Bouaziz1, Aymen Mahmoudi1, Julien Chaste1, Marco Pala1, Patrick Lefevre2, François 

Bertan2, Fabrice Oehler1, Jean-Christophe Girard1, Abdelkarim Ouerghi1 
 

1Université Paris-Saclay, CNRS, Centre de Nanosciences et de Nanotechnologies, 91120, Palaiseau,  

Paris, France 
2Synchrotron-SOLEIL, Saint-Aubin, BP48, Paris, F91192, Gif sur Yvette, France 

Meryem.bouaziz@universite-paris-saclay.fr 

  

Two-dimensional (2D) materials have been extensively studied ever since the successful isolation of 
graphene. The typical graphene-like 2D families such as hexagonal boron nitride (hBN), 
phosphorene, and transition metal dichalcogenides possess many fancy properties owing to their 
unique structures and are widely used in various nanoelectronic devices. The class of chalcogenide 
semiconductors (MX, M=Ga, In; X=S, Se, Te) represents a family of layered semiconductors which 
have attracted attention for their electronic structures and optoelectronic properties. Recently, new 
fascinating physical properties have been discovered in anisotropic semiconductors such as Indium 
telluride (InTe), in which the in-plane anisotropy of the electronic band structure is often due to low 
crystallographic symmetry [1,2]. InTe material has 1D chains structure, from which intriguing 
properties arise. In this study, by combining angle-resolved photoemission spectroscopy (ARPES) and 
density functional theory (DFT) calculations we demonstrate that InTe is stable in the tetragonal 
crystal structure and presents a semiconducting character with an indirect electronic band-gap and 
an intrinsic p-type doping. We investigated in-plane directional dependence of the effective hole 
masse of the VBM of InTe in the vicinity of the Fermi level. The hole effective mass of the M valley 
exhibits a strong anisotropy along the (InTe2)- chains, c-axis, compared to the perpendicular 
direction. The in-plane anisotropy of the hole effective masses in InTe is larger than that in black 
phosphorus which also shows anisotropic optical and electronic properties [3]. InTe can be 
considered a quasi 1D material in terms of the low energy hole carrier dynamics, which makes this 
material a promising thermoelectric candidate for 1D semiconducting electronics.  

  

 
  

Fig 1: Constant ARPES energy surfaces for InTe taken at -0.4 eV and a map measured along the �̅�-�̅�-�̅� high 

symmetry direction compared with theoretical electronic band structure (T = 30 K and hv = 50 eV).   

[1] Zhang, J. et al. Direct observation of one-dimensional disordered diffusion channel in a chain-like thermoelectric with 
ultralow thermal conductivity. Nat. Commun. 12, (2021).  
[2] Misra, S. et al. Reduced phase space of heat-carrying acoustic phonons in single-crystalline InTe. Phys. Rev. Res. 2, (2020). 
[3] Meryem Bouaziz, Aymen Mahmoudi, Geoffroy Kremer, et al, Intrinsic defects and mid-gap states in quasi-onedimensional 
Indium Telluride, Physical Review Research, 2023.  
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Nanostructured Graphene: Controllable in-situ Growth, 
Structure and Properties  

 
V. Yu. Aristov1, O. V. Molodtsova1, S. V. Babenkov1,2, D. V. Potorochin1,3, D. Marchenko4, 
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victor.aristov@desy.de 

 

The graphene grown on low-cost cubic-SiC/Si(001) wafers usually contains nanometer-sized domains 
with few different lattice orientations [1]. Here we present the in-situ investigation of layer-by-layer 
graphene growth on such wafers. The measurements were performed by means of a number of 
methods: scanning tunneling microscopy with atomic resolution, low-energy electron microscopy 
(LEEM), high-resolution laterally-resolved X-ray photoelectron spectroscopy (µ-XPS), angle-resolved 
photoelectron spectroscopy (µ-ARPES), and micro low-energy electron diffraction (µ-LEED) [2]. The 
experimental data evidence the opportunity to in-situ control the local thickness of the graphene 
overlayer on the silicon carbide substrate in-situ during UHV synthesis. Significantly, presented data 
disclose the mechanisms of the surface transformation and layer-by-layer graphene growth on cubic-
SiC/Si(001) in UHV at high temperatures. Finally, we will briefly report the electronic structure, 
transport and magnetic properties [1-3]. 

 

Fig. 1. Characterization of 3 ML nanostructured graphene by ARPES [2] 

 
[1] A. N. Chaika, V. Yu. Aristov and O. V. Molodtsova, Progr. Mater. Sci., 89, 1-30 (2017)  
[2] V. Yu. Aristov, A. N. Chaika, O. V. Molodtsova et al., ACS Nano, 13, 526-535 (2019)  
[3] H.-C. Wu, A. N. Chaika, et al., Nature Commun., 8, 14453 (2017) 
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Effect of intercalated metals (Gd, Yb, Fe, Pt) on the 
physicochemical properties of graphene–SiC  

 
K. Idczak1, E. Wachowicz1 
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Borna 9, 50-204 Wrocław, POLAND 
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It is well known, that graphene exhibits unique physical properties that are promising for applications 
in electronics. One of the possibilities is growth of epitaxial graphene on silicon carbide (SiC) surface 
[1]. Moreover, by inserting to that system additional elements, especially metals, new materials can be 
designed with unique properties, which may improve the functionalisation of present devices as well 
as invention of a new ones [2,3].  
Graphitisation process, known as “high temperature thermal decomposition” [1] is based on annealing 
the SiC crystal in the temperature range 1470-1670 K, which induces desorption of Si atoms, leaving a 
carbon-rich surface behind. The first C-rich layer, named as a buffer layer is covalently bonded with the 
Si atoms of the SiC substrate and acts as a template for further formation of graphene [1,4]. Existence 
of the buffer layer gives the opportunity to modify the graphene–SiC system. One of the strategy is to 
intercalate metal atoms between graphene and the buffer layer or even under the buffer layer itself. 
This process allows to convert buffer into new graphene layer (decouple graphene from the substrate) 
and to create new systems.  
In this work, the influence of intercalated various metals atoms (Gd, Yb, Fe and Pt) on the graphene–
4H-SiC(0001) surface properties is presented [5,6]. This investigation considered thin films deposition 
and subsequent system annealing at high temperatures to induce the intercalation process. Analysis of 
the experimental data obtained using X-ray photoelectron spectroscopy (XPS) and low energy electron 
diffraction (LEED) techniques was supported by theoretical calculations (DFT). The parameters for the 
occurrence of the intercalation process, its efficiency and stability were defined. Moreover, a detailed 
analysis of chemical composition and changes in surface structure were described. The obtained results 
shed new light on the development of graphene spintronics.  

 
[1] G.R. Yazdi, T. Yakimov, R. Yakimova, Crystals 6(5) 53 (2016) 
[2] P. Dąbrowski, M. Rogala, I. Własny, Z. Klusek, M. Kopciuszyński, M. Jałochowski, W. Strupiński, J.M. Baranowski, Carbon 94 
214-223 (2015)  
[3] K. Share, A.P. Cohn, R.E. Carter, C.L. Pint, Nanoscale 18 16435 (2016) 
[4] M.L. Bolen, S.E. Harrison, L.B. Biedermann, M.A. Capano, Phys. Rev. B 80 115433 (2009) 
[5] K. Idczak, S. Owczarek, L. Markowski, Appl. Surf. Sci. 572 151345 (2022) 
[6] K. Idczak, E. Wachowicz, Appl. Surf. Sci. 609 155365 (2023) 
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From surface alloys to germanene: Ge/Ag(111) growth 
 

K. Zhang,1 R. Bernard,1 Y. Borensztein,1 H. Cruguel,1 M.-C. Hanf,2 M. Derivaz,2 C. Pirri,2  
P. Sonnet,2 R. Stephan,2 A. Resta,3 Y. Garreau,3 A. Vlad,3 A. Coati,3 D. Sciacca,4 I. Lefebvre,4  
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geoffroy.prevot@sorbonne-universite.fr 

Two-dimensional (2D) honeycomb lattices beyond graphene, such as germanene, appear very 
promising due to their outstanding electronic properties, such as quantum spin hall effect. While there 
have been many claims of germanene growth, experimental evidence for a honeycomb structure has 
only been obtained indirectly, from STM observations or electronic properties measurements.  

Among all the potential substrates for germanene growth, Ag(111) which is known to be well suited 
for the growth of silicene, is undoubtedly the most discussed one today. On this substrate, the 
structures observed have been either described as honeycomb germanene or surface alloys. Using 
scanning tunneling microscopy (STM), surface X-ray diffraction and density functional theory, we have 
studied the structure and energetics of germanium layers on Ag(111) in the 400K-450K temperature 
range [1-3]. We show that upon increasing coverage, a series of alloyed phases forms. Two of these 
phases correspond to highly ordered reconstructions for which we determined precisely the atomic 
structure. The first one is a c(31x√3) reconstruction corresponding to a Ag2Ge surface alloy with an 
atomic density 6.45% higher than the Ag(111) atomic density. It is formed by stripes associated with a 
face-centered cubic top-layer alignment, alternating with stripes associated with a hexagonal close-
packed top-layer alignment, in great analogy with the (22x√3) Au(111) reconstruction [2]. The second 
one is a (√109 × √109) reconstruction, composed of a periodic arrangement of Ge pentagons, 
hexagons and heptagons with a small concentration of Ag atoms [3]. Our result opens new perspectives 
related to the understanding of the complex structures observed after growth of Ge or Si on metal 
surfaces. 

(a)              (b) 

 

Fig. a) Top view of the atomic structure of the c(31x√3) reconstruction.  
b) STM image (8.5x8.5 nm2) of the (√109 × √109) reconstruction. 

  
[1] K. Zhang, R. Bernard, Y. Borensztein, H. Cruguel, G. Prévot, Phys. Rev. B 102 (2020) 125418 
[2] K. Zhang, et al., Phys. Rev. B 104 (2021) 155403 
[3] K. Zhang, et al., to be published 



Interactions of oxygen with MoS2 crystals 
  

R. Szoszkiewicz  
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For numerous applications of microscopic MoS2 crystals, particularly in flexible nanoelectronics, one 
must understand their oxidation reactions in air and water. In this talk, I will present the studies of 
microscopic heat induced oxidation and oxidative etching in the case of thick, mechanically exfoliated, 
geological 2H MoS2 crystals in air. I will discuss particular reaction mechanisms and show how to 
differentiate MoO3 oxides and their derivatives onto such surfaces. In order to do so, we combined 
global and local XPS, AES, XAS, Raman and AFM (topography, friction, Kelvin Probe) measurements on 
single microscopic MoS2 flakes [1-4].  

This work has been supported by the National Science Center, Poland, grant no. 2017/27/B/ST4/00697 
and University of Warsaw, grant No. 501-D112-20-2004310 (BOB-IDUB-62281/2021).  
  

  
Fig. 1. Phenomenological aspects of the MoOx formation onto MoS2 basal planes during their heating in dry air.  

  
[1] R. Szoszkiewicz, Local interactions of atmospheric oxygen with MoS2 crystals, Materials, 14, 5979, 31 pages (2021).   
[2] M. Rogala, S. Sokołowski, U. Ukegbu, A. Mierzwa and R. Szoszkiewicz, Direct identification of surface bound MoO3 on single 

MoS2 flakes heated in dry and humid air, Advanced Materials Interfaces, 2100328, 11 pages (2021); Pictured on the Front 

Inside Cover.  
[3] S. Sovizi, S. Tossoni, R. Szoszkiewicz, “Caught in the act”: formation of single (MoO3)n molecules within basal MoS2 planes 

during their oxidative etching, Nanoscale Advances (2022) DOI: 10.1039/d2na00374k    
[4] U. Ukegbu, R. Szoszkiewicz, Microscopic kinetics of heat-induced oxidative etching of thick MoS2 crystals, Journal of Physical 

Chemistry C, 123, 22123-22129 (2019).  
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Properties of the metal/PtSe2 thin layer interfaces 
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The discovery of graphene and its physical properties started a new era in the investigation of thin 
layer materials *1,2+. Nowadays, these types of materials also include Transition Metal 
Dichalcogenides (TMD), which provide a wide range of physical properties, such as the values of the 
charge carrier mobility and bandgap energy, which depend on the layer thickness *3,4+. One of the 
most promising TMD materials is PtSe2, which exhibits a chemically non-reactive surface, it is crucial 
to determine the properties of the interfaces formed at the metal/PtSe2 junction. Different metals 
will form morphologically different structures on the PtSe2 active surface, which requires a 
comprehensive analysis of both the morphology and physicochemical properties with analysis of the 
thermal stability of such systems. For this purpose, several measurement methods will be used, 
ranging from Atomic Force Microscopy (AFM), to Raman and X-Ray Photoelectron Spectroscopy (RS, 
XPS). 

In this presentation, the properties of the metallic layers (eg.Ni,Pd,Ti) with thicknesses between 10-
20nm embedded on surface of the bulk crystal PtSe2 will be discussed. Particular emphasis will be 
placed on mutual interactions in the interfaces obtained in this way, and also include the effect of 
thermal treatment on the formation of bonds between the layers observed in both the form of 
vibration modes in RS and the chemical shift in XPS measurements. In each of the systems and 
temperature discussed, the surface morphology was also analysed using AFM to determine its 
changes. The observed differences between different types of metals and the PtSe2 layer indicate 
different properties of such structures, which translate into the operation of sensor devices based on 
planar architecture. Particularly crucial here is the increase in the surface roughness of the interface, 
which translates into an improved contact of the interface and the appearance of chemical 
interactions between PtSe2 and the metallic layer. 

 

Acknowledgments: The study reported in this presentation has been partially financed by the 
National Science Centre, Grant No. 2019/35/O/ST5/01940, Polish National Agency for Academic 
Exchange, grant No. PPN/STA/2021/1/00043 and Ministry of Education and Science (Poland) under 
Project No. 0512/SBAD/2320. 
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Bismuth is in the 15th group of the periodic table, with the electronic configuration 6s26p3, and as a 
semi-metal it is the last non-radioactive element in the periodic table with unusual electronic 
properties.  

These properties are of interest due to spin-orbital effects and surface and edge states [1]. It was in 
bismuth that many quantum phenomena such as magnetoresistance, quantum size effects and also 

recently topologically protected edge states were first detected. It was recently shown that bismuth 
can grow in two-dimensional form material known as bismuthene [1,2]. It is extremely important to 
understand the growth and degradation paths of this new material.  

We will present the properties and morphology of bismuth nanostructures growing epitaxially on a 
pyrolytic graphite (HOPG), as well as insulating materials such as mica and hexagonal boron nitride 
(hBN), on which the growth of bismuthene islands (2D bismuth with black phosphorus structure) can 
be observed.  

We will focus on the conducted experimental research using scanning tunneling microscopy and atomic 
force microscopy. X-ray photoelectron spectroscopy was used to investigate and determine the 
chemical composition of the oxidized structures. Raman spectroscopy was used for further analysis of 
the oxidized and metallic structures.  

The above research is supported by the National Science Center under the project no. 
2019/35/B/ST5/03956. Research is also supported by the University of Lodz as part of the competition 
UniLodz IDUB- "Doctoral Research Grants" - 2022 edition, as part of project no. B2310009000186.07.  
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One of the most striking properties of the transition-metal dichalcogenides (TMDs) is a locking of their 
quasiparticle spin to a valley pseudospin. This results from strong spin-orbit coupling and is enabled by 
global or local inversion symmetry breaking [1,2], providing a route to stabilise novel physical 
properties such as Ising superconductivity [3,4], and potentially facilitating new computing schemes 
via `valleytronics' [1]. Tuning of the resulting spin splittings is thus strongly desired. To date, this has 
been achieved via externally-applied magnetic fields [5] and by proximity coupling in van der Waals 
heterostructures [6], but only modest changes of the intrinsic spin-orbit splitting have been realised. 
Here, we investigate a monolayer-like NbS2 layer at the surface of the V-intercalated TMD V1/3NbS2 
using spatially- and angle-resolved photoemission spectroscopy (µ-ARPES) [7]. Our measurements and 
corresponding density functional theory calculations reveal that the bulk magnetic order induces a 
giant valley-selective Ising coupling exceeding 50 meV in the surface NbS2 layer, equivalent to 
application of a ~250 T magnetic field. This energy scale is of comparable magnitude to the intrinsic 
spin–orbit splittings, and indicates how coupling of local magnetic moments to itinerant states of a 
transition metal dichalcogenide surface layer provides a powerful route to controlling their valley–spin 
splittings. 

 

This work was performed in close collaboration with Brendan Edwards, Oliver Dowinton, Amelia Hall, 
Geetha Balakrishnan, Saeed Bahramy, and colleagues from the Universities of St Andrews, Warwick, 
Manchester, and Tohoku, and Max-IV Laboratory. 

 
 
[1] Xu et al., Nature Phys. 10, 343 (2014) 
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The Seebeck effect describes the conversion of heat into electricity and has direct impact on future 
energy harvesting strategies. However, its intimate coupling to the fundamental electronic properties 
of a material makes the Seebeck effect also a powerful tool to investigate electronic correlations [1], 
thermodynamic effects [2], or (quantum)phase transitions with superior precision compared to 
conventional charge transport measurements. To this end, we implemented few-layer CrSBr into our 
recently developed cryogenic thermoelectric device architecture [3]. This allowed us to study the 
magnetic field and temperature dependent thermovoltage in few-layer CrSBr flakes. We observe strong 
variations of the thermovoltage when magnetic order is changed (PM-AFM, FM-AFM magnetic phase 
transitions) in the material. Furthermore, we reveal an increase of thermoelectric conversion efficiency 
by one order of magnitude around 40 Kelvin which we attribute to a spin-entropy change in the 
material driven by a spin-freezing process. 

 

 

Fig. 1. Left: Optical micrograph of a thermoelectric device. A few-layer CrSBr flake is stamped onto gold contacts 
and encapsulated by a thin hBN flake. Right: Thermovoltage as a function of temperature measured at zero 

magnetic field. 

 
[1] C. Hsu et al., Phys. Rev. Lett. 128 (2022), 147701  
[2] E. Pyurbeeva et al., Chem. Phys. Rev. 3 (2022) 041308 
[3] P. Gehring et al., Appl. Phys. Lett. 115 (2019) 073103 
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Antimonene is a two-dimensional material that occurs in nature in two phases - alpha and beta. In the 
former, antimonene atoms create a rectangular crystallographic lattice, while the latter takes the form 
of a honeycomb structure. This material is a semiconductor and exhibits properties typical of 2D 
materials (e. g. the presence of Dirac cones and high carrier mobility). One of the ways to obtain this 
material is molecular-beam epitaxy (MBE). To date, antimonene has been obtained on substrates such 
as SiO2, PbTe2, Ge(111), Ag(111), Cu(111) and Cu(110) by this method [1]. In this presentation, we 
report the synthesis of α-antimonene on a ferromagnetic cobalt film. The resulting heterostructure was 
characterized using a SPLEEM microscope.  

This device uses elastically backscattered low-energy electrons to image the sample surface in three 
modes: Low Energy Electron Microscopy (LEEM), Low Energy Electron Diffraction (LEED) and Spin 
Polarized Low Energy Electron Microscopy (SPLEEM). They enable: real-time observation of the sample 
surface (LEEM); creation of diffraction images (LEED); and observation of magnetic domains on the 
sample surface (SPLEEM).  

A ferromagnetic cobalt film (5 monolayers (ML)) was prepared using MBE on a monocrystalline W(110) 
substrate. In the next step antimonene layer was grown on a top of Co. The LEEM mode provided 
information on the mechanism of growth and enabled optimization of the preparation process. Using 
the LEED mode, the formation of alpha phase antimonene was confirmed. The size of its rectangular 
unit cell was determined as 4.43 (±0.05) Å and 4.36 (±0.05) Å. These values are consistent with 
literature data (4.48 Å and 4.31 Å [2]). Unlike the literature data, in this case the unit cell is almost 
square. SPLEEM studies revealed that after creation of antimonene, the heterostructure retains its 
ferromagnetic properties.  

Acknowledgments: The research was carried out as part of the research project of the National Science 
Center No. 2020/37/B/ST5/03540.  

  

 

Fig. 1. a) LEEM image of 5 ML Co/W(110) with antimonene islands (white areas). FoV = 5 μm, E = 5.8 eV; b)  
LEED image of antimonene on 5 ML Co (antimonenes spots marked by yellow arrows). E = 43 eV; c) SPLEEM 

image of 5 ML Co/ W(110). FoV = 15 μm.  E = 2 eV; d) SPLEEM image of Sb/5 ML Co/ W(110). FoV = 15 μm.    

E = 1.7 eV.  

  
[1] D. Zhou, H. Li et al., Advanced Functional Materials 31, 2006997 (2021)  
[2] G. Wang, R. Pandey, S. P. Karna, ACS Appl. Mater. Interfaces 7, 11490 (2015)  
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Two-dimensional titanium carbides Ti2C, MXenes, have been attracted scientific effort, mostly owing 

to their intriguing properties and promising applications [1]. The magnetic moments of the external 

metallic Ti layers are ferromagnetically or antiferromagnetically oriented to each other depending on 

the remnants from the technological processes that cover the surface. The possibility to tune magnetic 

moments of the external MXenes layers through suitable functionalization could be utilized in 

numerous spintronic applications [2]. 

We have investigated the change of the magnetic properties of MXenes caused by the substitutional 

doping of Ti layers with transition metal (TM) atoms such as Mn, Cr, and Fe. The introduction of TM 

atoms with different numbers of d-electrons (and therefore different magnetic moment) leads to 

breaking of the homogeneity of the spontaneous magnetization and formation of the skyrmionic-like 

patterns. Magnetic skyrmions are small swirling topological defects in the magnetization texture, which 

are regarded as novel information carriers in future spintronic devices [3]. 

Our studies are based on the first principles calculations within the Kohn-Sham realization of the 

density functional theory (DFT) employing the Quantum Espresso computer package. We take spin-

orbit interaction into account, and therefore, our calculations have to be performed in the non-collinear 

magnetism regime. To facilitate eventual future comparison with experiments, we have undertaken an 

attempt to compute the spin tunneling current between the non-uniformly spin-polarized electrons of 

the MXenes surface and magnetic tip of the scanning tunneling microscope (STM), in close analogy to 

codes providing the STM images from the electronic density obtained in DFT calculations. 

Acknowledgement: Authors acknowledge the support of National Science Centre in Poland under the 

project OPUS-16 (UMO-2018/31/B/ST3/03758). 
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The characterization of the nano layers, is mainly carried out by various transmission electron 
microscopic techniques, which are rather time consuming and in many cases the determination of the 
chemical composition of the layers is not straightforward. To overcome these problems, surface 
sensitive analytical methods (XPS, AES) combined with sputter depth profiling can be applied. However, 
these techniques might introduce serious alterations to the sample. But even in light of this, the 
combination AES and/or XPS depth profiling remains a powerful tool to further the thorough 
understanding of nano-systems. We have demonstrated that tungsten carbide nano-layers (in the 
range of 10-30 nm), exhibiting excellent corrosion and wear resistance features [1,2] could be produced 
at room temperature by ion beam mixing of C/W/C… multilayer systems. The chemistry of samples was 
studied by AES depth profiling, which provided an accurate description of the layer formation process 
[3] but could not directly identify the type of tungsten carbide produced. To cope with this problem, 
XPS depth profiling was applied for the same samples; these results will be summarized in this talk. 
First we will describe the evaluation method which accounts for the relatively high inelastic mean free 
path of the XPS electrons, and then we will show that the tungsten carbide produced by ion beam 
mixing is W2C instead of WC which was proposed earlier, based on the results of the AES studies. 
 
[1] Racz, A. S. et al. Tungsten Carbide Nanolayer Formation by Ion Beam Mixing with Argon and Xenon 
Ions for Applications as Protective Coatings, ACS Appl. Nano Mat., 6, 5, 3816 (2023) 
[2] Racz, A. S. et al. Corrosion Resistance of Tungsten Carbide-Rich Coating Layers Produced by Noble 
Gas Ion Mixing. Appl. Surf. Sci., 605, 154662 (2022) 
[3] Racz, A.S. et al. Evaluation of AES Depth Profiles with Serious Artefacts in C/W Multilayers, Appl. 
Surf. Sci., 582, 152385 (2022)  
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A novel  route  towards  single‐crystalline nanoribbon networks  from arbitrary  two‐dimensional  (2D) 
materials  is  presented.  The  method  is  relying  on  the  fact  that  small  organic  molecules  like 
parahexaphenyl  (6P)  are  growing  by  hot‐wall  epitaxy  as  crystalline  nano‐needles  along  discrete 
directions of the 2D substrates [1,2]. The needle directions can be obtained by power‐spectral density 
analysis of atomic‐force microscopy (AFM) images. The needles are usually several micrometers long, 
having a uniform height of a few nanometers and a nearly constant width of several ten nanometers. 
They  are  frequently  forming  self‐assembled  networks  on  graphene,  hexagonal  boron  nitride,  and 
transition metal dichalcogenides  like MoS2, WS2, and WSe2. These networks are used as masks  for 
reactive ion etching leaving a nanoribbon (NR) network of the 2D substrate material behind [3]. Raman 
spectroscopy  is used to demonstrate the structural  integrity of the NR networks. These nanoribbon 
networks  can  be  utilized  for  field  effect  transistor  devices  showing  large mobilities  and  high  ON 
currents. 

Further we demonstrated that the NR networks can be functionalized via photo‐induced edge‐specific 
nanoparticle decoration [3,4]. This route is particularly effective for functionalization of WSe2 NR with 
Ag nanoparticles.  AFM and scanning electron microscopy reveal a narrow size distribution of the Ag 
nanoparticles which are exclusively arranged along  the NR edges. The nanoparticle density  can be 
tuned by the laser fluence [4]. 
 
[1] M. Kratzer, C. Teichert, Nanotechnology, 27, 292001 (2016) 
[2] M. Kratzer, et al., J. Phys. D, 52, 383001 (2019)  
[3] M. A. Aslam, et al., npj 2D Mat. Appl. 6, 76 (2022)  
[4] G. Murastov, et al., Comms. Chem., (2023), under review 
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The interaction between metallic nanoparticles and transition metal dichalcogenides (TMDs) can 
realize new functionalities in thriving technologies such as optoelectronics and nanoengineering. In 
this light, the process of self-organization during metal deposition on semiconductor surfaces is one of 
the attractive “bottom-up” approaches allowing a fabrication of nanostructures of desired geometrical 
and electrical properties.  

In this contribution, we report the growth process of individual metallic nanoislands assembled on bulk 
MoS2 and synthetically formed bi-layer MoS2/SO2 surfaces by gold deposition. Structural 
characterization of the as-grown Au nanoislands was performed with scanning tunneling microscopy 
(STM) and high resolution-scanning electron microscopy (HR-SEM) in UHV, while high-angle annular 
dark field scanning transmission electron microscopy (HAADF-STEM) was used to image the cross-
section of the Au/MoS2/SiO2 interface.  

Due to the crystallographic symmetry of the MoS2 surface, the grown planar Au nanoislands are of 
triangular shape of 10-50 nm in lateral size and 2-8 nm in height. The actual size of the nanoislands can 
be controlled by the amount of deposited gold and the substrate temperature during the growth 
process [1]. Investigations by HAADF-STEM microscopy methods have provided detailed information 
on the formed interface between the epitaxial Au nanoisland and the MoS2 substrate surface and the 
structure of the MoS2 layer itself (Fig. 1). The atomic-scale resolution obtained through cross-sections 
of Au/MoS2/SiO2 interfaces revealed that the density of lattice sites occupied by Au atoms in the plane 
constituting the nanoisland/substrate interface is lower than in the Au bulk. This may be responsible 
for the weak interaction between the nanoislands and the substrate making this system an exemplary 
system for nanomanipulation [2] or to observe a geometric energy confinement in charge state-
dependent sputtering by highly charged ions [3]. 

 

Fig. 1. (Left) Atomically resolved HAADF STEM image of a triangular Au island grown on a MoS2 flake. (Right) 
Detailed structure of the island/substrate interface with individually resolved Au, S and Mo. 

 
[1] E. Gnecco, A. Janas, B. R. Jany, A. George, A. Turchanin, G. Cempura, A. Kruk, M. Tripathi, F. Lee, A.B. Dalton, F. Krok, Appl. 
Surf. Sci., 616, 156483 (2023) 
[2] F. Trillitzsch, R. Guerra, A. Janas, N. Manini, F. Krok, E. Gnecco, Phys. Rev. B, 98, 165417 (2008) 
[3] G.L. Szabo, B.R. Jany, H. Muckenhuber, A. Niggas, M. Lehner, A. Janas, P.S. Szabo, Z. Gan, A. George, A. Turchanin, F. Krok, and 
R.A. Wilhelm, Small, 2207263 (2023) 
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Iron nitrides exhibit interesting magnetic and electronic properties, making them promising for 
applications in spintronics. We studied ultrathin iron nitride islands epitaxially grown on Cu(001) by 
bombarding the substrate with low-energy N+ ions, depositing Fe at room temperature and annealing 
in UHV at 700 K [1]. The geometric parameters of the resulting iron nitride, derived from STM and LEED 
results, matched those of the “Fe2N” phase describe in the literature (constituting the middle-plane-
cut of the γ’-Fe4N unit cell). However, the atomic structure exhibited an out-of-plane corrugation not 
reported by other authors so far. Moreover, XPS revealed a Fe1.3N stoichiometry of the islands, while 
STS provided a much higher work function value than the one expected for the Fe2N phase based on 
DFT calculations. On the basis on these findings, we have developed a new structural model for 
monolayer iron nitride islands on Cu(001), in which an additional layer of (2×2)-arranged N atoms 
resides on top of the Fe2N (resulting in a Fe1.33N stoichiometry) [2]. Notably, LEED-IV calculations 
confirmed the very good agreement of this model with experimental curves (as judged by the Pendry 
factor value). We also managed to reduce the islands, via exposure to O2 at room temperature and UHV 
annealing, to species with Fe2N stoichiometry. Thus, direct formation of Fe2N under specific 
experimental conditions cannot be excluded. 

The studies were financially supported by the Foundation for Polish Science (First TEAM/2016-2/14 / 
POIR.04.04.00-00-28CE/16-00 project co-financed by the European Union under the European 
Regional Development Fund), the European Union (European Social Fund Operational Programme 
“Knowledge Education Development”, project POWR.03.02.00-00-I032/16 - P.W.) and AMU (“IDUB” 
project - M.D.). T.O. acknowledges computer time granted by the ICM Warsaw (projects GB77-16 and 
GB82-9). 
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Layered semiconductor MoS2 as a representative of the transition metal dichalcogenides (TMDs) family 
has been used in (opto)electronic and energy-harvesting devices due to its fascinating properties. 
Recently, surface oxidation has been introduced to manipulate its electrical properties [1]. This 
presentation concentrates on some aspects of MoS2 oxidation and oxidative etching producing single 
(MoO3)x clusters as well as MoO3/MoOx layers.  

Heating the MoS2 samples in the etching regime (370 °C) resulted in formation of sub-nm oxide clusters. 
Comparison between height profiles obtained by atomic force microscopy (AFM) imaging and density 
functional theory simulations on the sub-nm MoxOy fragments onto a MoS2 monolayer suggested that 
these clusters are mainly MoO3 monomers and dimers at the sulfur vacancies (Fig. 1a). A combination 
of several surface science methods such as Raman measurements, energy and wavelength dispersive 
X-ray spectroscopies as well as X-ray absorption near edge structure data confirmed the MoO3 nature 
of such clusters. These results show that oxidative etching and removal of Mo atoms at the atomic level 
follow predominantly via formation of single MoO3 molecules [2]. Moreover, the ability of Kelvin-probe 
force microscopy (KPFM) in air for the detection of sub-nm oxide clusters (Fig. 1b and c) has been 
extended toward Mo oxide layers atop MoS2 crystals and other substrates [3]. 

The research has been supported by the National Science Center, Poland, grant no. 
2017/27/B/ST4/00697 and University of Warsaw, grant No. 501-D112-20-2004310 (BOB-IDUB-622-
81/2021). 

 

Fig. 1. (a) High-resolution non-contact (NC-) AFM image of an etched MoS2 flake. The upper inset shows a 
simulated structure and calculated height of a MoO3 monomer at a sulfur vacancy in MoS2 monolayer. The 
lower inset shows the height of a sub-nm cluster depicted by blue arrow. (b) NC-AFM topography and (c) 

corresponding contact potential difference (CPD) obtained by KPFM. The inset in (b) shows the height profile of 
a cluster depicted by blue arrow. The inset in (c) shows the CPD profile along the green line [2]. 

 
[1] R. Szoszkiewicz, Materials, 20, 5979 (2021).  
[2] S. Sovizi, S. Tosoni, R. Szoszkiewicz, Nanoscale Advances, 21, 4517 (2022). 
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The high carrier mobility and layer-dependent direct bandgap of Black Phosphorus (BP), makes it an 
extremely interesting and promising 2D material for nanoelectronics and optoelectronic applications 
[1]. In electrostatically gated few-layer BP, gap-tuning over a wide energy range - from the visible up to 
the infrared - has been observed and attributed to a giant Stark effect [2], the electric field established 
across the sample affecting both the energy and the spatial localization of the conduction (CB) and 
valence (VB) bands.  As demonstrated by Kim et al. [3], tuning the energy gap EG is also possible by 
adsorbing alkali metals (i.e. K, Cs) on the BP surface. According to their model, the induced electric field 
is localized in the first layers below the surface, the CB being localized in the topmost one, while VB 
states are confined in the subsurface.  

In this work, we provide a comprehensive description of the electronic and dielectric properties of Cs-
doped BP by combining Ultraviolet photoelectron spectroscopy (UPS) and High-Resolution Electron 
Energy Loss Spectroscopy (HREELS). Besides monitoring VB downward shift and EG reduction, UPS 
provides also an estimate of the CB electron density. Analysis of the HREEL spectra - based on a 
multilayer dielectric model [4] - allows on the other hand to determine a step-profile of the Cs-induced 
free-carrier density along the z axis (see Fig.1 (c)).  For low doping, the quasi-elastic peak narrowing is 
rationalized introducing a ~ 10 nm-thick intrinsic layer - due the recombination of the bulk holes with 
the Cs-donated electrons - on top of the p-doped semi-infinite bulk.  For higher doping, when EG 
reduces to 0.1 eV, a few-layer thick n-doped surface layer must be also introduced, as shown in Fig 1, 
right panel. These results are discussed and compared with the charge	profile	obtained using the non-
linear Thomas-Fermi screening model, following [5].	 

 
Fig. 1. (a) UPS and (b) HREELS spectra for pristine ad Cs-doped samples. (c) The dielectric model for high doping. 
 
[1] A. Morita, Appl. Phys. 39, 227-242 (1986)  
[2]  Q. Liu et al., Nano Lett. 15, 1222-1228 (2015)  
[3] J. Kim et al., Science 349, 723-726 (2015)  
[4] P. Lambin et al., Comp. Phys. Comm. 60, 351-364 (1990)  
[5] T. Low et al. Phys. Rev. Lett. 113, 106802 (2014) 
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Investigating the interfacial properties between graphene and traditional semiconductors is crucial to 
develop novel electronics. In this context, graphene/Ge(110) heterostructure has recently received a 
great deal of attention [1,2]. However, no insights into the electronic and morphological properties of 
this system are today available. Here, we investigate the evolution of the system’s interface properties 
upon vacuum annealing performed at different temperatures [3,4]. We use low-temperature scanning 
tunneling microscopy (STM) to probe the surface structure with atomic precision at each stage. When 
growing graphene by chemical vapour deposition, hydrogen that is used during growth passivates the 
Ge surface sites thus stabilizing the unreconstructed surface. Annealing the sample at 350°C leads to 
the desorption of hydrogen from Ge surface and both STM and low energy electron diffraction (LEED) 
reveal that the surface of Ge(110) reconstructs into a (6x2) phase, never observed for bare Ge. Upon a 
further annealing above 700°C, STM shows that the Ge surface modifies forming a different surface 
reconstruction with a symmetry close to the bulk truncated surface. To gain insights into the electronic 
properties, we perform angle-resolved photoemission spectroscopy (ARPES) for each of the observed 
phases. The ARPES data (Fig. 1), show how graphene’s doping changes at each phase. Data obtained by 
ARPES are correlated to Raman spectroscopy, X-Ray Photoelectron Spectroscopy, and Near Edge Xray 
Absorption Fine Structure Spectroscopy.  

We acknowledge Lazio Innova (Regione Lazio, Italy) through the project “Gruppi di ricerca 2020” A0375-
2020-36566.  
 

  
Fig. 1. ARPES data and graphene Dirac cones as a function of temperature. Fermi points are reported as “EF”.  

 
[1] J. Lee, et al., Science, 6181, 344 (2014).  
[2] L. Persichetti, et al., Appl. Surf. Science, 143923, 499 (2020).  
[3] M. Galbiati, et al., J. Phys. Chem. Lett., 4, 1262-1267(2021). 
[4] [4] L. Camilli, et al., Appl. Surf. Science, 154291, 602 (2020).  
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Hexagonal boron nitride (h-BN) is a two-dimensional (2D) material and a member of the III-nitride 
family that has recently attracted great interest due to its versatile range of applications. One of the 
most prominent examples is the use of h-BN as a substrate for other 2D materials. The lack of dangling 
bonds, the atomically flat surface and the homogenous dielectric environment lead to a significant 
improvement of the electrical and optical properties of adjacent 2D materials and render h-BN the 
prototype 2D-insulator for van der Waals (vdW) heterostructures that consist of stacks of many 
different 2D materials.   

However, most of the work on vdW heterostructures is so far based on exfoliated flakes of h-BN. It is 
clear that the bottleneck for industrial applications of 2D materials will be the possibility to fabricate 
high-quality large-area layers.   

In the first part of my presentation I will address this issue and show results on the growth of epitaxial 
h-BN on sapphire by metalorganic vapour-phase epitaxy (MOVPE) [1-4], which is currently regarded as 
one of the most promising growth techniques. I will show that the growth of a 2D material on a 
conventional substrate at high temperatures followed by a cool down to room temperature will lead 
to wrinkle formation [1,5], which can be used to assess the quality of the grown layer.  

In the second part, I will focus on the properties of h-BN in general and of our epitaxial h-BN in 
particular, with a detailed characterization and discussion of the properties.   

The last part will be dedicated to applications of our MOVPE-grown h-BN ranging from large-area 
growth of vdW heterostructures [6], single photon emitting defects [7], photonic applications like the 
growth of Bragg mirrors [8] to hydrogen generation and storage applications [1].  

  
  
[1] J. Binder, A. K. Dabrowska, M. Tokarczyk, K. Ludwiczak, R. Bozek, G. Kowalski, R. Stepniewski, A. Wysmolek, Nano Letters,  

23, 1267 (2023)  
[2] M. Tokarczyk, A. K. Dabrowska, G. Kowalski, R. Bozek, J. Iwanski, J. Binder, R. Stepniewski, A.  Wysmolek, 2D Materials,  10, 

025010 (2023)  
[3] A. K. Dabrowska, M. Tokarczyk, G. Kowalski, J. Binder, R. Bozek, J. Borysiuk, R. Stepniewski,  A. Wysmolek, 2D Materials,   
       8, 015017 (2021)   
[4] K. P. Korona, J. Binder, A. K. Dabrowska,  J. Iwanski, A. Reszka, T. Korona, M. Tokarczyk, R. Stepniewski, A. Wysmolek, 

Nanoscale, 15, 9864 (2023)  
[5] J. Iwanski, P. Tatarczak, M Tokarczyk, A. K. Dabrowska, J. Pawlowski, J. Binder, G. Kowalski, R. Stepniewski, A. Wysmolek, 

Nanotechnology, 34, 015202 (2023)  
[6] K. Ludwiczak, A. K. Dabrowska, J. Binder, M. Tokarczyk, J. Iwanski, B. Kurowska, J. Turczynski, G. Kowalski, R. Bozek, R.  
       Stȩpniewski, W. Pacuski, A. Wysmolek ACS Appl. Mater. Interfaces, 13, 47904 (2021)  
[7] M. Koperski, K. Pakuła, K. Nogajewski, A. K. Dąbrowska, M. Tokarczyk, T. Pelini,  J. Binder, T. Fas, J. Suffczynski, R. 

Stepniewski, A. Wysmolek, M. Potemski, Scientific Reports 11:15506 (2021)    
[8] A. Ciesielski, J. Iwański, P. Wrobel, Rafał Bozek, S. Kret, J. Turczynski, J. Binder, K. P. Korona, R. Stepniewski, A. Wysmolek 
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Hexagonal boron nitride (hBN) is a wide band-gap (~6 eV), two-dimensional semiconductor which is 
used in many van der Waals heterostructures. hBN has been shown to host defects that act as 
single-photon sources [1]. Local deformation could be used as an effective tool for deterministic 
activation of quantum light emission on demand [2]. 

We address this issue by creating bubbles in our large-area hBN layers grown by MOVPE on sapphire 
substrates [3,4]. Stable, hydrogen-filled bubbles are created via interfacial water hydrolysis, induced 
by electron beam irradiation. Mapping photoluminescence (PL) measurements were performed to 
study statistically their impact on the optical properties of hBN in various spectral ranges. The total PL 
intensity is enhanced on bubbles (Fig. 1b) – at first glance, one can think that it is only due to some 
microcavity effects in bubbles [5]. However, it is clear that some new spectral lines, not observed on 
flat hBN, appear on bubbles (Fig. 1c). These defect-related transitions, activated by bending hBN, are 
candidates for single-photon emission. Measurements at helium temperature also reveal sharp 
spectral lines present only on bubbles. Additionally, bubbles create a non-uniform strain distribution, 
which can tune the energy of the emitter. Since bubbles are created via electron irradiation of the 
material in precisely selected locations, this method seems to be a promising tool to deterministically 
locate and activate single-photon emission from defect states on demand. 

Acknowledgement: This work has been partially supported by the National Science Centre Poland 
under decisions no. and 2020/39/D/ST7/02811 and 2022/45/N/ST7/03355 

 

Fig. 1. PL mapping measurements on hBN bubbles at room temperature with 532 nm excitation: a) optical 
image, b) map of total integrated intensity, c) spectra at given points: A, B, C – on bubbles, D – on flat hBN 

 
[1] T. T. Tran et al., Nature Nanotech, 11, 37 (2016) 
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[3] J. Binder et al., Nano Lett., 23, 1267 (2023)  
[4] A. K. Dąbrowska et al., 2D Mater., 8, 015017 (2021) 
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We describe the potential use of two-dimensional carbon-based structures and semiconductor thin-
film materials in the energy industry as magnetic field detectors capable of operating under extreme 
conditions. In magnetic-confinement fusion reactors, electronics will be exposed to high temperatures 
and radiation damage. Our work demonstrates the experimental study on the impact of neutron 
irradiation and determining its influence on the electrical parameters of semiconductor thinfilm and 
two-dimensional systems. For this purpose, we fabricated a 2D-material in form of 
hydrogenintercalated quasi-free-standing graphene on semi-insulating 4H-SiC (0001), passivated with 
an Al2O3 layer [1]. The other structure was prepared in the form of donor-doped InSb-based thin-film 
on a semiinsulating GaAs substrate [2]. The tested systems were exposed to fast neutron fluence of 
7×1017 cm-2 using the MARIA research nuclear reactor.   

For graphene-based structure after irradiation, we theorize that the main factor affecting the electrical 
parameters is the loss of atoms in the hydrogen layer, based on Hall effect measurements and micro-
Raman characterization. We have predicted, with the use of density functional theory calculations, that 
damage to the intercalation lowers carrier concentration in graphene. We anticipate that temperatures 
above 200°C will facilitate diffusion of the hydrogen atoms from parts with higher to lower 
concentration. This effect can reduce the surface area where intercalation is too low to support the 
separation of the graphene [3].  

Understanding the mechanism of damaging the tested systems by neutron radiation is a key milestone 
in assessing its suitability for magnetic field detection in harsh environment.  

The research has received funding from the National Centre for Research and Development under 
Grant Agreement No. LIDER/8/0021/L-11/19/NCBR/2020 for project MAGSET and partly from the 
Ministry of Education and Science (Poland) under Project No. 0512/SBAD/2320.  
  
[1] T. Ciuk et al., IEEE Transactions on Electron Devices, 66, 3134 (2019)  
[2] S. El-Ahmar et al., Sensors, 22, 5258 (2022)  
[3] S. El-Ahmar et al., Applied Surface Science, 590, 152992 (2022)  
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A hexagonal boron nitride (h-BN) monolayer has a periodically undulating structure on Rh(111) due to 
the lattice mismatch and the relatively strong interaction with rhodium. The corrugated h-BN 
“nanomesh” is in turn a good template for metal nanoparticles [1-3]. Here the thermal properties of 
Au and Rh deposits are compared on hexagonal boron nitride (h-BN) “nanomesh” prepared on Rh(111), 
applying STM, XPS, low energy ion scattering (LEIS), LEED, and DFT. Besides similarities, notable 
differences have also been revealed (Fig. 1) [3]. At room temperature, both metals essentially follow 
Volmer-Weber (3D) growth. Upon subsequent annealing, agglomeration (sintering), intercalation, and 
desorption are competing surface processes for both metals. For the more reactive Rh, we suggest an 
additional encapsulation mechanism: between 600 K and 750 K, fragments of decomposed h-BN 
diffuse locally from the bottom onto the metal clusters covering them partially. STM data indicates that 
agglomeration of gold nanoparticles proceeds faster compared to rhodium. At higher temperatures 
(~1050 K–1100 K), all non-desorbing gold atoms diffuse below h-BN, even for large initial coverages. 
On the other hand, for larger Rh deposits (≥5 ML), the outermost layer always contains Rh. 
Accumulation of gold at the interface between h-BN and Rh(111) significantly enhances the thermal 
stability of h-BN, attributed to the lower reactivity of Au in the decomposition of h-BN compared to 
Rh(111). At elevated substrate temperatures, intercalation of individual adatoms takes place during 
deposition, which requires higher temperatures for rhodium due to its slower diffusion and higher 
probability of nucleation. 

 

Fig. 1. Thermal processes of Rh and Au deposits on hexagonal boron nitride nanomesh 

 
[1] W. Auwärter, Surf. Sci. Rep. 74, 1 (2019) 
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[3] G. Vári, C. Vass, G. Halasi, L. Szabó, K. Palotás, P. Dombi, A. Berkó, L. Óvári, Z. Kónya, Appl. Surf. Sci. 623, 157041 (2023) 
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Two-dimensional (2D) transition metal dichalcogenides (TMDs) are believed to be the fundamental 
building blocks of next generation optoelectronic device applications [1]. Interlayer charge (CT) and 
energy transfer (ET) are the two main photocarrier relaxation pathways in the vertical TMD 
heterostructures (HSs). The interlayer CT process can be easily blocked by placing a thin dielectric 
medium between the 2D layers [2]. Whereas, the interlayer ET process can survive up to several tens 
of nm [3]. That’s why understanding the interlayer ET process is necessary for designing the TMD HS-
based optoelectronic applications. In this talk, I’ll present our recent results [4,5] on the effect of 
resonance overlaps between the optical bandgaps and high-lying excitonic states in TMD HSs in the 
interlayer ET processes. 

Resonant overlaps between the optical bandgaps of monolayers (1Ls) of molybdenum diselenide 
(MoSe2) and rhenium disulfide (ReS2) led us to observe an unprecedented interlayer ET process which 
dominates over the traditional fast interlayer CT process in type-II HSs [4]. Without a charge blocking 
medium, namely the hexagonal boron nitride (hBN), we observe ~3.6 times enhanced MoSe2 
photoluminescence (PL) emission from the HS area as compared to the 1L area alone. We report that 
this observed MoSe2 HS PL enhancement is due to the nonradiative ET from the ReS2 to MoSe2 layer. 
After introducing different thicknesses of interlayer hBN, we observed more than one order of 
magnitude higher MoSe2 PL emission at a separation of ~13.5 nm distance. The distance dependence 
data showed that the ET follows the 1/d2 dependency, proving a 2D-to-2D coupling dominated in the 
HS. 

1Ls of molybdenum disulfide (MoS2) and tungsten diselenide (WSe2) have overlaps between the high-
lying excitonic states. These resonant overlaps allowed us to observe an unconventional ET from the 
WSe2 B excitonic level to MoS2, resulting ~1.9 times enhanced MoS2 emission from the HS area [5] at 
the cryogenic temperature (8 K) with hBN as an interlayer medium. With increasing temperature this 
PL enhancement starts to decrease and at 100 K it completely vanishes due to the increased electron-
phonon scattering. This work [5] showed that an interlayer ET process from the lower-to-higher 
bandgap material happens at a rate faster than the intervalley scattering but slower than the intravalley 
scattering purely due to the resonant overlap between the B excitonic levels in two materials. These 
works open a new door to study and understand the interlayer ET processes at ultrafast timescale to 
create a comprehensive understanding for developing the next generation optoelectronic devices.   
 
[1] G. Eda and S. A. Maier, ACS Nano 2013, 7, 7, 5660–5665. 
[2] L. Britnell et. al., Nano Lett. 2012, 12, 3, 1707–1710. 
[3] F. Federspiel et. al., Nano Lett. 2015, 15, 2, 1252–1258. 
[4] A. Karmakar et. al., ACS Nano 2022, 16, 3, 3861–3869. 
[5] A. Karmakar et. al., arXiv:2301.05644. 
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Twisted van der Waals materials have risen as a powerful platform to engineer artificial quantum 

matter. Artificial moire heterostructures, in general, display two length scales, the original lattice 

constant and the emergent moire length. Here we reveal a microscopic mechanism to engineer van der 

Waals multiferroics from the interplay of non-collinear magnetism and spin–orbit coupling, both in van 

der Waals monolayers [1] and twisted multilayers [2]. First, focusing on the recently isolated NiI2 

multiferroic monolayer, we reveal the origin of the helimagnetic order, and the critical role of halide 

spin-orbit coupling in driving a ferroelectric distortion. We demonstrate that the electronic 

reconstruction accounting for the ferroelectric order emerges from the interplay of such a non-collinear 

magnetism and spin-orbit coupling. Second, we show the emergence of multiferroic order in twisted 

chromium trihalide bilayers, an order fully driven by the moiré pattern and absent in aligned 

multilayers. We show that a spin texture is generated in the moiré supercell of the twisted system as a 

consequence of the competition between stacking-dependent interlayer magnetic exchange and 

magnetic anisotropy. An electric polarization arises associated with such a non-collinear magnetic state 

due to the spinorbit coupling, leading to the emergence of a local ferroelectric order following the 

moiré. Among the stochiometric trihalides, our results show that twisted CrBr3 bilayers give rise to the 

strongest multiferroic order. We further show the emergence of a strong magnetoelectric coupling, 

which allows the electric generation and control of magnetic skyrmions. Our results put forward van 

der Waals materials as a powerful platform to engineer artificial multiferroic order and electrically 

control exotic magnetic textures.  
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In two-dimensional (2D) superconductors, superconductor-insulator transition (SIT) is induced by 
magnetic fields through the breakdown of phase coherence of the superconducting order parameter 
at T = 0 [1]. The magnetic-field-driven SIT exhibits various behaviors depending on the degree of 
disorder because of sensitivity to disorder such as impurities or defects. Recent studies on weakly 
disordered films such as highly crystalline 2D superconductors, an anomalous metallic state is reported 
near the transition [2, 3]. However, because of the lack of microscopic investigation, the details of 
peculiar quantum phases such as the anomalous metallic state are not well investigated.  

In this presentation, we will report on the magnetic-field- and disorder-driven quantum phase 
transition studied by both surface electron transport measurements and scanning tunneling 
microscopy (STM) on a striped-incommensurate phase, one of Pb atomic-layer superconducting films 
formed on the Si (111) substrates. In this 2D system, step density controlled by miscut angle of the 
substrates corresponds to the degree of disorder [4]. We found that electron transport measurements 
show the anomalous metallic state observed as a flat tail near T = 0 in the resistance-temperature 
curve, which has been thought due to quantum creep of vortices. On the other hand, STM exhibited 
individual stable vortices in the anomalous metal phase. Compared both results, the anomalous 
metallic state seems to be driven by infinitesimal current. We also detected a pseudogap by STM in 
insulating phase (dR/dT < 0 where R is resistivity) of the sample with higher step density, which implies 
the localization of Cooper pair due to quantum phase fluctuation under the high disorder.   
  
[1] A. F. Hebard and M. A. Paalanen, Phys. Rev. Lett. 65, 927 (1990).  
[2] S. Ichinokura, et al., Phys. Rev. B 99, 220501(R) (2019).  
[3] Y. Saito, et al., Nat. Commun. 9, 778 (2018).  
[4] Y. Sato et al., Phys. Rev. Lett. 130, 106002 (2023).  
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Titanium carbide Ti3C2Tx is the most studied 2D nanomaterial from the MXene family. One of the highlighted 
properties of Ti3C2Tx compared to other nanomaterials is its hydrophilicity as a result of the presence of polar 
surface functional groups Tx. The most common method to determine the hydrophobicity or hydrophilicity of 
the material is a contact angle measurement. However, the measurement of the static contact angles (CAs) 
using a sessile drop method has been criticized in numerous articles due to a huge random effect and are 
therefore not necessarily reproducible [1]. As a result, for MXenes, static CAs have been reported in the 
literature and their values lie in a broad range from 18 to 91 degrees [2]. 

In this work, Ti3C2Tx –water interactions on different silicon substrates were investigated. Advancing (highest 
measurable) and receding (lowest measurable) contact angle measurements, providing reproducible contact 
angle values were performed. The effect of the background substrate to the wetting behaviour of MXene was 
investigated and the contact angles of MXene monolayer were compared with 2 and 3 monolayers [2].  

The advancing contact angle on MXene on both substrates was independent of the number of MXene layers, 
showing a negligible effect of the background substrate wettability. The advancing contact angle values (77-
80°) were surprisingly high and close to the value published for graphene (93°). However, a low value of the 
receding contact angle (26-27°), resulting in the estimated most stable contact angle value of 57°, proves the 
hydrophilic character of MXene compared to graphene. The giant contact angle hysteresis observed should 
be considered as an important factor responsible for the broad range of water contact angles in the literature. 
This study provides a comprehensive understanding of the wettability of MXene [2]. The fundamental 
knowledge of MXene surface behaviour could be utilized in many applications and multicomponent systems. 

 

 

Fig. 1. Scheme of preparation of MXene monolayers and corresponding contact angles. 
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Heterostructures consisting of half-metals, e.g. spinel metal oxides (MOs) and 2D materials (2DMs) are 
considered the future of spintronics, i.e. electronics in which the spin of an electron, and not only the 
charge, is utilized for information transfer and storage. They may also find application in valleytronics, 
which is electronics based on the local minima in electronic band structure. Among spinel MOs, Fe3O4 
(magnetite) is known to exhibit high spin polarization at the Fermi level, making it a promising spin-
filtering material (a material generating current of electrons with a certain spin). However, in a 
spintronic device, the generated spin-polarized current has to be transferred from one component to 
the other. With this respect, epitaxial graphene (Gr) – with its high spin diffusion length – is a perfect 
bonding element. When it comes to valleytronics, combing high spin polarization MOs with 
molybdenum disulfide (MoS2) – a well-known valleytronic 2DM – should provide routes for valleys’ 
polarization. Though, before these ambitious goals can be achieved, fundamental studies aimed at 
determining the structure and properties of various 2DM/MO systems have to be performed.   

We have used spin-polarized DFT+U to study two 2DM/MO system: Gr/Fe3O4(111) and 
MoS2/Fe3O4(111). In the calculations, the most common surface termination of Fe3O4(111), the Fetet1, 
was applied. Gr was place on Fe3O4(111) in a (√3×√3)R30° supercell, with Gr layer stretched by about 
5.2%. Even though two possible layer’s positions are characterized by the same adhesion energy, equal 
to –0.46 eV/Å, they differ in electronic structure. When one of the carbon atoms is placed just over the 
topmost iron atom (Fig. 1b), there is no band gap at the Fermi level. On the other hand, when there is 
no direct C-Fe interaction, a band gap for spin-up electrons appears. The graphene is n-doped through 
charge transfer from iron, thus, the Dirac cones are moved below the Fermi level by about 0.47/0.37 
eV. Surprisingly, these cones are spin-split by about 0.13 eV. In separate calculations, the T2 phase of 
MoS2 was adsorbed on Fe3O4(111) in a (1×1) cell (without any rotation). Sulphide’s distance to the 
substrate was found to be relatively big (2.183 Å), with the layer remaining flat. This indicates weak 
interaction with the oxide. Interestingly, magnetic moments on topmost tetrahedral Fe atoms change 
their sign and value from -3.998 to +3.847 μB.   

The studies were financially supported by the Adam Mickiewicz University in Poznań, Poland, through 
the ID-UB programme (call No. 037). The calculations have been carried out in Wrocław Centre for 
Networking and Supercomputing (grant No. 526).   
  

   
Fig. 1. Charge density difference for two different (√3×√3)R30° adsorption geometries (shown in a and b) of Gr 

on Fe3O4(111) (top and side views). The numbers indicate Bader charges on Fe topmost atoms. The isosurfaces 

show charge density changes. Golden, red and blue balls represent Fe, O and C atoms, respectively.   
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Charge density wave (CDW) materials are attracting much interest in the scientific community due to 
fascinating phenomena associated with their metal to insulator transitions [1]. Layered structures of 
the transition metal dichalcogenide (TMD) tantalum diselenide, TaSe2, display a rich polymorphism, 
with all the different crystal structures - and in particular the 2H, 1T and 4Hb - exhibiting CDWs. 2H and 
1T CDWs are characterized by a 3x3 and 13x13 lattice reconstruction, respectively. The latter 
corresponds to a star-like cluster structure rotated by 13.9° in the ab crystallographic plane (Fig. 1a).  
Both systems have been extensively investigated by ARPES [2-4]. Nevertheless, in the case of the 1T, a 
clear signature of CDW completely reconstructed bands appears hidden within broad band features, 
possibly due to dimerization between layers or other interlayer interactions [5]. 

In this work, we present the results of a combined ARPES experiments and theoretical DFT 
investigation, addressing the CDWs in 4Hb-TaSe2 crystals, and focusing in particular on the surface 
termination with the 1T layer.  As shown in Fig. 1b and c, the ARPES Fermi-map displays a star-shaped 
Fermi surface close to the 𝛤 point, with the orientation of the tips of the star consistent with the 13.9°-
rotation and in agreement with theory. Moreover, the map taken at –50 meV below Fermi (Fig. 1d) also 
highlights a certain degree of chirality [6]. This is the first time that the folded band structure of the 
13x13 CDW has been recorded with such details, demonstrating how the 4Hb structure offers an 
opportunity to study the star cluster CDW in the T layer and its chirality in a configuration close to the 
2D limit. 

 

 
 

[1] C. W. Chen et al., Rep. Prog. Phys., 79, 084505 (2016). 
[2] K. Rossnagel, J. Phys.: Condens. Matter, 23, 213001 (2011).  
[3] L. Perfetti et al., Phys. Rev. Lett., 90, 166401 (2003). 
[4] M. Bovet et al., Phys. Rev. B, 69, 125117 (2004).  
[5] Y. Chen et al., Nature Phys., 16, 218 (2020).  
[6] H. F. Yang et al., Phys. Rev. Lett., 129, 156401 (2022). 
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The ability to locally switch confined electric polarization is vital in modern technologies, aiming to 
complement or replace traditional magnetic components toward storing, retrieving, and processing 
large volumes of information. Non-centrosymmetrically stacked layered materials have recently 
emerged as promising candidates for vertical polarization switching via lateral interlayer shifts – a 
mechanism known as slidetronics.[1-5] In this presentation, I will elucidate the microscopic origins of 
polarization in layered materials; demonstrate that it is dictated by interlayer registry; explain its 
cumulative nature and its saturation behavior; show that it can emerge also in intrinsically non-polar 
systems, such as graphitic interfaces; and extend the notion of slidetronics to the quasi-one-
dimensional case of facetted nanotubes (see Fig. 1). 
 

 

Fig. 1. Axial interwall shift induced superstructure and radial polarization variations calculated for a zigzag 
(55,0)@(63,0) double walled boron nitride nanotube (DWBNNT) of preoptimized inner and outer wall diameters 

of 43.8 Å and 50.2 Å, respectively. (a)-(f) Cross-sectional views of the relaxed DWBNNT for several coaxial shifts, 

z=0, 0.8, 1.4, 2.2, 3.0, and 3.6 Å. In each panel, the upper illustration represents the atomic structure and the 

lower illustration superimposes the corresponding local polarization registry index map on the outer wall atomic 
positions (see color bar in panel a). (g)-(l) Density functional theory calculated electrostatic potential difference 
maps (with respect to the same individual walls) plotted along the (001) face of the DWBNNTs presented in panels 
a-f, respectively. The color bar appearing in panel g is common to panels h-l. (m)-(r) Polar diagrams presenting 

the difference in electrostatic potential (in meV) calculated outside the tube at a radius of r=35 Å and inside the 

tube at a radius of r=5 Å. These values are obtained for each angle by radially averaging over a range of 0.02 Å 

and axially averaging over the length of the unit cell. 

 
[1] W. Cao, M. Urbakh, and O. Hod, "Nanotube Slidetronics", submitted (2023). 
[2] S. Salleh Atri, W. Cao, B. Alon, N. Roy, M. Vizner Stern, V. Falko, M. Goldstein, L. Kronik, M. Urbakh, O. Hod, M. Ben Shalom, 
"Spontaneous Electric Polarization in Graphene Polytypes", submitted (2023). 
[3] S. Deb, W. Cao, N. Raab, K. Watanabe, T. Taniguchi, M. Goldstein, L. Kronik, M. Urbakh, O. Hod, M. Ben Shalom, "Cumulative 
Polarization in Conductive Interfacial Ferroelectrics", Nature 612, 465-469 (2022). 
[4] M. Vizner Stern, Y. Waschitz, W. Cao, I. Nevo, K. Watanabe, T. Taniguchi, E. Sela, M. Urbakh, O. Hod, and M. Ben Shalom, 
"Interfacial Ferroelectricity by van der Waals Sliding", Science 372, 1462-1466 (2021). 
[5] W. Cao, O. Hod, and M. Urbakh, "Interlayer Registry Dictates Interfacial 2D Material Ferroelectricity", ACS Appl. Mater. 
Interfaces 14, 57492-57499 (2022). 
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2D materials have weak inter-plane and strong in-plane interactions, which lead to their remarkable 
tribological properties. It was demonstrated by means of friction force microscopy (FFM) that the 
microscopic processes underlying friction can be tuned by application of high contact pressure [1], 
electrical field to the contact area [2,3], or by stacking different 2D materials into van der Waals 
heterostructures [2,4]. Our experimental results illustrate how tribological properties of MoSe2/hBN, 
graphene/hBN and MoS2/graphene/SiC(0001) heterostructures vary under increasing contact pressure 
and applied electrical field.  

Heterostructures of MoSe2/hBN and graphene/hBN were fabricated by the exfoliation technique on 
silicon dices with navigational structures cut by focused ion beam (FIB). The epitaxial graphene 
prepared by thermal decomposition of SiC(0001) formed an atomically flat and clean surface for 
following direct growth of MoS2 flakes by chemical vapor deposition (CVD) technique. The surface 
evaluation and friction experiments on all heterostructures were conducted in ultra high vacuum at 
room temperature. Atomic force microscopy (AFM) and Kelvin probe force microscopy (KPFM) were 
applied to identify position and number of layers of 2D material islands. The influence of normal load 
and electric field on friction force was determined in FFM experiments. The results will be discussed in 
terms of bending rigidity of 2D heterostructures, bias-induced electrostatic attraction, and atomic 
potential corrugation. 

 
[1] Szczefanowicz, Bartosz et al., Physical Review Research, 5, L012049 (2023) 
[2] Liu, Zhao et al., Nanoscale, 15, 5809-5815 (2023) 
[3] Peng, Jinfeng et al., Physics Letters A, 384, 126166 (2020) 
[4] Vazirisereshk, Mohammad R. et al., Nano Letters, 19, 5496-5505 (2019) 
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Achieving superlubric state of graphene under extreme conditions remains rewarding yet challenging, 
as its outstanding lubricating properties are easily deteriorated by environmental chemical 
modification, e.g. fluorination, hydrogenation and nitrogen doping have been proved to increase the 
surface friction of graphene remarkably.  

Here, we report that the superlubric sliding could be achieved in the case of nitrogen-doped graphene 
by tuning graphene-substrate interfacial interaction. Nano-patterned nitrogen-doped graphene is 
obtained by evaporating C60 to form molecular islands which are used as mask during the nitrogen 
doping process[1]. After removal of the C60 island, the frictional contrast is shown by the means of 
atomic force microscopy under ultra-high vacuum with the same tip sliding over the nano-patterned 
graphene in a single measurement, where the region previously covered by C60 shows lower friction 
as the interfacial coupling is preserved. Furthermore, the friction of nitrogen-doped graphene can be 
re-entered into an ultra-low friction state after running-in process due to the recovery of moiré 
superlattices. Moiré induced by strong interfacial anchoring facilitates the suppression of the out-of-
plane deformation of graphene during sliding, which leads to the reduction of friction. The interfacial 
coupling between graphene and substrate plays a crucial role in controlling the frictional properties of 
nitrogen-doped graphene.  

Our findings are expected to be extended to control nanoscale friction by tuning the interfacial atomic 
interaction between other two-dimensional materials and substrates. 

 

 

Fig. 1. a) Contact Friction AFM scheme for graphene on Iridium. b) horizontal deflection images in contact AFM 
on C60 covered and non-covered areas. 

 
[1] Bouatou, M. et al. Advanced Functional Materials 32, (2022) 
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Various 2D semiconductor thin films have been available.  Due to the surface and the quantum 
confinement effects, these 2D materials exhibit different electronic properties [1-3].  Recent studies 
have demonstrated that double-bilayer compounds (DB-C) from the II-V group, CdAs-164 (AB stack) 
and CdAs-187 (AA stack), are stable using first-principles calculations (FPC) [4].  On the other hand, we 
have recently revealed that various II-V DB compounds are stable in a different stacking fashion, AB' 
[5].  In addition, it has been concluded that the AB-stacked CdAs and CdP exhibit topological properties 
showing metallic behavior [5].  The purpose of this study is to evaluate the structural stability and 
electronic structure of the AA and AB stacking (see Fig. 1.) of DBC consisting of group II (Be, Zn, Cd) and 
group V (P, As, Sb) systematically using (FPC) based on the density functional theory.  

The AB stack has greater stability when compared with the AA, except for BeSb, although there is little 
difference in energy between them. Due to greater Coulomb repulsion between atoms within the same 
group, the distance between layers in AA stack is greater than that in AB. Recently, we have revealed 
that the structural stability of the II-V DB-C depends strongly on the difference in atomic radius 
between the II and V group atoms; Atoms with larger radii are always located at the top surface. Such 
a size effect also affects the surface structure and the structural stability of AA and AB in the same way 
as AB'. However, in the AA and AB stacks, group V atoms form strong covalent bonds between BLs. As 
a result, group II atoms are always located on the top surface. Cd and Zn structures with a larger atomic 
radius tend to be on the surface and, therefore, have metallic properties. In contrast, Be, a smaller 
atom, tends to form flat structures and semiconductors. Consequently, it can be concluded that the 
covalent bonding between layers determines the stability of the II-V DB-C. 

 
Fig. 1. Top and side views of initial structures of DB-stacked II-V compounds. (a) AA-stacking and (b) AB-stacking. 
 
[1] Kailiang Zhang, et al., J. Mat. Chem., 5, 11992-12022 (2017). 
[2] Hannu-Pekka Komsa, et al., J. Phys. Chem. Lett., 3, 3652-3656 (2012). 
[3] Shoichi Takasuna, et al., Phys. Rev. B., 96, 161303 (2017). 
[4] Yan, Quihui, et al., J. Phys. Condens. Matter, 33, 36-365701 (2021). 
[5] Arellano, L. G., et al., Phys. Rev. Mater., 7, 1, 014006 (2023). 
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MBenes, an emerging member of the two-dimensional (2D) materials, is drawing enormous attention due 

to their unique mechanical and electronic properties with its diverse crystal symmetries and structures 

that make them a promising candidate for different types of applications [1, 2]. However, the intrinsic 

metallic nature of pristine MBenes can be an obstacle for several applications in optics involving photon 

absorption, emission, and electronics. In a semiconductor material, the band gap is the most crucial 

parameter, and much effort is put into searching for new nanomaterials with a wide range of band gaps. 

Although the MBenes exhibit generally metallic behavior, they can be tuned to semiconducting through 

band engineering. In this work, the electronic band structure of ScB MBenes has been modified utilizing 

band engineering techniques like surface functionalization and straintronics. We have investigated various 

crystal symmetries of ScB MBenes and examined their structural and dynamic stability. Our results reveal 

that ScB with hexagonal crystal symmetry is found to be the most stable one. The electronic structure of 

ScB with O-, F-, OH- and Hfunctional groups have been examined and the band structure calculations reveal 

that the ScB functionalized with O turns out to be semiconducting with a band gap of around 0.1 eV and 

0.5 eV within the DFT+U and hybrid exchange correlation functional HSE06, respectively. In addition to 

functionalization with O, the applied in-plane biaxial strains further enhanced the band gap by 0.8 eV. This 

can lead the ScBO MBene to take advantage of electronic, optical and several other applications. 

[1] V.G. Nair, M. Birowska, D. Bury, M. Jakubczak, A. Rosenkranz, A.M. Jastrzębska, Two-dimensional MBenes: a Novel Member in 
the Flatland, Advanced Materials, March 2022 
[2] S. Bandaru, A. M. Jastrzebska, M. Birowska, Recent progress in thermoelectric MXene-based structures versus other 2D 
materials, arxiv:2304.07015. 
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Van der Waals bilayers stacked with a small twist-angle between the layers form lateral moiré 
superlattices. This profoundly affects the transport and optical properties of the materials, as 
exemplified by the recent discoveries of superconductivity in magic angle bilayer graphene [1] and of 
correlated insulating phases at integer and fractional filling in twisted transition metal dichalcogenides 
[2]. It is generally believed that these remarkable manifestations of many-body physics arise from flat 
minibands forming in the moiré superlattice.  

Recent advances in sample fabrication and photoemission instrumentation now allow for direct 
electronic structure measurements of moiré systems fabricated with the top-down methods developed 
for transport and optical studies. In this talk, I will address the specific challenges of device fabrication 
for electron spectroscopy and discuss first nano-ARPES data on twisted bilayer graphene and transition 
metal dichalcogenide moirés [3,4].   

  

  
  

Fig. 1. Flat band in twisted bilayer graphene imaged by nano-ARPES [3].  

  
[1] Y. Cao et al., Unconventional superconductivity in magic-angle graphene superlattices, Nature 556, 80 (2018)  
[2] K. F. Mak and J. Shan, Semiconductor moiré materials, Nature Nanotechnology 17, 686 (2022)  
[3] S. Lisi et al., Observation of flat bands in twisted bilayer graphene, Nature Physics 17, 189 (2021)  
[4] G. Gatti et al., Observation of flat G moiré bands in twisted bilayer WSe2, arXiv:2211.01192 (2022)  
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The possibility of effective sterilization using light in the deep ultraviolet range (DUV, 200-280 nm, 4.4-
6.2 eV) is a strong motivation for the development of semiconductor light sources operating in this 
spectral range. However, existing semiconductor technology so far only allows for very limited efficiency 
of DUV light sources (of the order several percent). A promising solution to this problem could be the 
application of hexagonal boron nitride (hBN). In spite of the indirect character of the bandgap, that is 
two-dimensional (2D) layered material is known for efficient photoluminescence, similar to direct-
bandgap semiconductors. Alloying of boron nitride with other nitrides can influence the band structure 
increasing optical efficiency. Application of atomically thin layers of such compounds would enable an 
additional important functionality of such DUV light sources, which is elasticity. 

In our research we study thin (~ 10 nm) layers of hBAlN which is 2D boron nitride alloyed with 
aluminum. The set of samples with an Al content of the order of a few percent was grown using 
metal organic vapor phase epitaxy (MOVPE) on 2-inch sapphire substrates. 

The obtained hB1-xAlxN layers were investigated using X-ray diffraction, scanning electron microscopy, 
atomic force microscopy (with  nanomechanical mapping), UV-Vis, Raman and Fourier-transform 
infrared spectroscopies. The obtained experimental data revealed that the obtained materials remain 
sp2-bonded crystal structure for all Al contents, which is novelty in research on BAlN-type material. 
Interestingly, as presented in figure 1 we observed two strong absorption peaks for energies close to 
direct and indirect (which should be very weak) band transitions in hBN. The intensity ratio and the 
position of those peaks vary between the samples. This observation suggests that we are capable of 
manipulating the boron nitride bandgap by alloying with aluminum. The possible reasons and 
consequences of such a behavior will be discussed. 
This work was supported by the National Science Centre, Poland, under decisions 
2019/33/B/ST5/02766, 2020/39/D/ST7/02811 and 2022/45/N/ST5/03396. 

 

Fig. 1. Absorption coefficient measured at room temperature for samples grown with a different amount of 

aluminum precursor. Uncertainty is estimated to be 105 cm-1. The vertical lines correspond to the energies of 

direct (dX) and indirect (iX) bandgaps in hBN. 
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Since its discovery, graphene has shown to exhibit remarkable electronic properties [1]. Numerous 
techniques have been devised to create high-performance devices by manipulating the bandgap in 
order to enhance their semiconducting properties [2]. 

Doping has proven to be one of the most effective methods for bandgap engineering. Experimental 
and theoretical studies on graphene doping show the possibility of making p-type and n-type 
semiconducting graphene by substituting C atoms. Boron and nitrogen have been specifically studied 
during the last years due to the interesting insulating behavior of h-BN. Boron, nitrogen, and carbon 
can be atomically mixed to form various semiconducting, hexagonal, layered structures. Experimental 
and theoretical studies have indicated that BNC nanostructures show semiconducting properties with 
small bandgaps [2,3]. Low concentrations of borazine rings within the graphene structure can modify 
graphene’s electronic properties to form a 2D semiconductor material with homogeneous patterns 
[4,5]. The intercalation of hexagonal BN (h-BN) within the graphene lattice has already been 
successfully achieved, however, segregation of both materials has been the main issue. Recent research 
has demonstrated that incorporating borazine-like molecules with carbon structures into graphene can 
result in reduced segregation of h-BN domains [5,6]. Herrera Reinoza et al. demonstrated a notable 
example by depositing hexamethylborazine onto Ir(111), which yielded numerous boron-nitrogen-
carbon (BNC) domains exhibiting low BN segregation and an estimated bandgap ranging between 1.4 
and 1.6 eV [6].  
To grow our boron nitride-doped graphene nanomaterial  we first synthesized graphene via chemical 
vapor deposition (CVD) by cyclic exposures to 10-5 mbar of ethylene for 10 minutes with subsequent 
annealing at 1100 K for 10 minutes. We have successfully doped our graphene by exposing it to 
hexamethylborazine right after the 3rd cycle of graphene synthesis. Auger electron spectroscopy 
demonstrated the presence of B, C and N in the sample. A bandgap was opened on our BN-doped 
graphene, forming a semiconductor material. 
 
[1] Geim, A. K. & Novoselov, K. S. The rise of graphene. Nat Mater 6, 183–191 (2007). 
[2] Ci, L. et al. Atomic layers of hybridized boron nitride and graphene domains. 9, 430–435 (2010). 
[3] Caputo, L., Nguyen, V.-H. & Charlier, J.-C. First-principles study of the structural and electronic properties of BN-ring doped 
graphene. Phys Rev Mater 6, 114001 (2022). 
[4] Gao, L., Guest, J. R. & Guisinger, N. P. Epitaxial graphene on Cu(111). Nano Lett 10, 3512–3516 (2010). 
[5]  Sánchez-Sánchez, C. et al. On-Surface Synthesis of BN-Substituted Heteroaromatic Networks. ACS Nano 9, 9228–9235 
(2015). 
[6]  Herrera-Reinoza, N., Dos Santos, A. C., De Lima, L. H., Landers, R. & De Siervo, A. Atomically Precise Bottom-Up Synthesis 
of h-BNC: Graphene Doped with h-BN Nanoclusters. Chemistry of Materials 33, 2871–2882 (2021). 

Wed-17:30-O-2DM

59



Low-frequency noise and sub-THz detection in 
Graphene/AlGaN/GaN heterostructures 

 
M. Dub1, A. Przewłoka1,3, P. Sai1, A. Krajewska1, G. Cywinski1, W. Knap1, S. Rumyantsev1 

 
1 Center for Terahertz Research and Applications (CENTERA), Institute of High Pressure Physics PAS, 

ul. Sokołowska 29/37, 01-142, Warsaw, Poland 
 

mdub@unipress.waw.pl 

 

Combination of the graphene (GR) on the top of AlGaN/GaN field-effect transistor transistors (FETs)  a 
unique system with closely spaced two high conductivity 2D layers. This kind of system is a promising 
platform to study the two-stream instability in the terahertz frequency band in the system of massless 
electrons in graphene and 2D electrons in GaN. The possibility of plasmon resonance in graphene [1] 
and the 2DEG channel creates a promising platform for the combination of these materials in order to 
create perspective compact THz detectors, emitters, and amplifiers. In this work, we studied the quality 
of the created devices and demonstrates the possibility of sub-THz detection GaN/AlGaN fin-shaped 
FETs with GR gate (shown in Fig.1a). Investigated structures were fabricated using the technology 
described in detail in Ref. [2]. Barrier height and ideality factor of GR/AlGaN Schottky barrier found 
from current-voltage characteristics were φb = (1.0 - 1.26) eV and (1.7 - 2.5), respectively. 
 

 
 

 

Fig. 1. (a) – Schematic view optical microscope images of the fin-shaper GaN/AlGaN FET with Graphene gate; 
(b) – DC characteristics and response of Graphene/GaN/AlGaN FinFETs with different gate lengths L = 5, 10, 20 

µm and constant channel width W = 4 µm at frequency f =120 GHz at room temperature. 

 

DC characteristics and response at the frequency f = 120 GHz of GaN/AlGaN FinFETs with GR gate are 
shown in Fig. 1b. The devices were characterized by a 8 order of magnitude on/off ratio and 
subthreshold slope ~ 1.3. Measurements of the low frequency noise allowed us to extract the effective 
trap density responsible for noise, which was similar to Ni/Au gate FinFETs. Good noise properties are 
important for the operation of low signal high frequency amplifiers, mixers, and detectors.  The 
response peaks are located near the threshold voltage of investigated FinFETs. The results obtained in 
this work are important for THz electronics and plasmonics. 

 
[1] S. Boubanga-Tombet, W. Knap, D. Yadav, A. Satou, D.B. But, V.V. Popov, I.V. Gorbenko, V. Kachorovskii, T. Otsuji, Physical Review 
X, 10 (2020) 031004.  
[2] M. Dub, P. Sai, A. Pzewloka, A. Krajewska, M. Sakowicz, P. Prystawko, J. Kasperski, I. Pasternak, G. Cywinski, D. But, W. Knap, 
S. Rumyantsev, MDPI Materials, 13 (2020), 4140. 
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Using angle-resolved photoelectron spectroscopy (ARPES), we study InAs(001) and InAs(110) surfaces 
having band bending induced by inclusion of Te atoms.  Electronic bands related to two-dimensional 
electron gas (2DEG), as well as 3D conduction and valence bands, are investigated. All 2DEG subbands 
are described well with copies of a single lineshape similar to the usual InAs Kane kp band shape, with 
only the band-edge mass adjusted. We show that the band-edge mass parameter is correlated with 
the degree of the electron gas confinement. The 2DEG numerical description within the Schrödinger-
Poisson scheme and the Thomas-Fermi approximation is also convergent with the experimental data. 
The valence bands energies closely follow the bending potential level at the very surface, showing that 
associated electronic states are localized on a scale of 1 nm. In contrast, the observed conduction band 
is insensitive to the bending potential, evidencing that the extent of states belonging to this band is of 
the order of at least 103 nm.  

 

 

Fig. 1. ARPES spectrum acquired for InAs(110) surface showing 2DEG and valence bands  
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Bi2Te3 belongs to the topological insulators (TI) class of materials. They are characterized by the 
presence of topologically protected conductive surface states (TSS). An important feature of TSS is that, 
due to spin-momentum locking, the charge current induces spin polarization whose sign can be 
controlled by the direction of the charge flow. These properties make TI a promising candidate for 
spintronic devices [1]. 

When speaking about TI devices, it is important to keep in mind that the surface of a TI is vulnerable to 
processing procedures. Thus, it is difficult to avoid modifications of the TSS during device fabrication. 
For example, the question is how TSS are influenced by Au, which is the material most commonly used 
for contacts. However, there is a lack of unambiguous reports in the literature on what changes occur 
at the Au-Bi2Te3 interface, except for studies at elevated temperatures [2-3]. 

The aim of this work is to test locally the influence of Au island on the TSS in Bi2Te3 TI. The first question 
is whether Au mixes with Bi2Te3 at room temperature. For that, we utilized the x-ray linear dichroism 
(XLD) technique at Tellurium M5,4-edge, employing linearly polarized synchrotron light in NCSR 
SOLARIS (Krakow). The FFT-transformed XLD spectra, measured after Au deposition, were compared 
with the DFT simulations for different atom configurations near the interface (AuTe, AuTe2, Au2Te3, 
Au/Bi2Te3). We conclude that Au does not mix with the Bi2Te3 substrate and forms a rather sharp 
Au/Bi2Te3 interface, which makes it possible to suppose that TSS are not destroyed. 

The changes in TSS can be probed in the vicinity of Au islands by scanning tunneling spectroscopy (STS) 
[4]. Since the TSS form the so-called Dirac cone in the volume band gap of Bi2Te3, they are visible in the 
STS spectra as a signal linearly dependent on energy, i.e., on the bias voltage. The TSS-related 
contribution to the spectra is observed both at a distance and in the near proximity to the Au islands, 
indicating that the TSS are preserved. Furthermore, at distances of less than 10 nm from the islands, 
an increasing shift of the STS spectra towards negative energies is observed with decreasing distance 
from the islands. Since we exclude Au-Bi2Te3 mixing, we attribute this effect to the presence of an in-
plane downward band bending near the Au islands.  

 
[1] O. Breunig and Y. Ando, Nat Rev Phys, 4, 184 (2021)  
[2] M.C. Shaughnessy et al., Journal of Applied Physics, 115, 063705 (2014) 
[3] X.W. Zhou and N.Y.C. Yang, Journal of Applied Physics, 115, 103517 (2014) 
[4] K. Nowak et al., Materials, 15, 2083 (2022) 
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Perovskites have found great potential in their promising applications in electronics and 
optoelectronics [1]. While moving forward from research to productization, many concerns remain 
about the stability and the toxicity of this class of materials, particularly the organic–inorganic hybrid 
lead-halide perovskites [2]. Therefore, making inorganic and/or environmental-friendly Pb-free 
perovskite materials, e.g. Bi-based halide ones, is a stimulating research field [3]. Although the 
development of Bi-based halide perovskites with novel optical and (opto)electronic properties makes 
rapid progress and the bulk structures of these materials have been intensively studied, the information 
regarding the surface and interface structures, which defines the final device performances, has rarely 
been studied directly so far [4]. 

With an aim to reveal the structure-property relationship of a class of Bi-based halide perovskite of 
relevance for optoelectronics, we focus on the synthesis and surface structural characterization, as well 
as the bandgap measurement. Herein, orthorhombic Cs3Bi2Br9 nanofilm with precise stoichiometric 
ratio is synthesized inside an ultra-high vacuum (UHV) chamber onto an Au(111) substrate using 
physical vapor deposition (PVD) method. By means of atomic-resolution scanning tunneling microscopy 
(STM), the as-prepared atomically defined Cs3Bi2Br9/Au(111) is first compared with bulk Cs3Bi2Br9 

nanoplatelets prepared by wet-chemistry method to confirm the structure relevance. We further 
investigate the resulting atomic structure, particularly the different layer-terminated surfaces. 
Ultimately and by means of I-V characteristics measured by STM and its numerical derivative, we 
analyze the bandgap properties of the as-prepared Cs3Bi2Br9 nanofilm. 

Our results show that the Cs3Bi2Br9/Au(111) nanofilm prepared by surface science method is 
terminated by either Cs-Br or Bi-Br layers, while structurally matching well with the bulk Cs3Bi2Br9 

nanoplatelets. The observed energy gap varies with film thickness, which allows for the creation of 
desirable electrical properties and indicates the possibility of tunable photo-responsivity. This model 
further naturally permits elucidation of the termination (site)-specific properties and allows detailed 
evaluation of stability and photo-reactivity.  

 
Fig. 1. (a) Model of the Cs3Bi2Br9 structure. STM images of perovskite synthesized by (b) wet-chemistry method 

and (c) PVD method. (c) shows an area with adjacent different terminated layers. Scale bar 5nm. 
 
[1] Y. Fu et al., Nat. Rev. Mater. 4, 169–188 (2019).  
[2] F. D. Angelis, ACS Energy Lett. 6, 1586–1587 (2021). 
[3] W. Ke et al., Nat. Commun. 10, 965 (2019). 
[4] H. Zhou et al. , Science 345,542-546(2014). 
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We study the nucleation stage in the epitaxial growth of monolayer TaS2 as a model system for 
monolayer transition metal sulfides [1].  The growth was done under ultra-high vacuum conditions with 
Au(111) as a substrate on which the metal atoms are evaporated, and the sulfur is provided from a 
background of H2S. Using scanning tunneling microscopy (STM), we find atomic-scale protrusions with 
a well-defined triangular shape that act as nuclei for the further growth of extended tantalum sulfide 
monolayers (figure 1, left panel). We identify these protrusions as TaS3 (figure 1, right panel) using 
density functional theory (DFT). We propose that their unique orientation is the cause of the well-
defined orientation of a complete TaS2 layer found under favorable growth conditions [2]. 

 

Fig. 1. (Left panel) Atomically-resolved STM topographic image of the protrusions (appearing as three dots) on 
Au(111). Image parameters: 1.9 nm × 1.9 nm, U = -0.3 V, I = 2.3 nA. (Right panel) Structural configuration of TaS3 
(top view) with a Ta atom (shown in blue) embedded in the Au(111) substrate (shown in gold) and connected to 

three S atoms (shown in yellow).  

 
[1] Chagas, T., Mehlich, K., Samad, A., Grover, C., Dombrowski, D., Cai, J., Schwingenschlögl, U., Busse, C. J. Phys. Chem. C, 127, 
5622 (2023). DOI: 10.1021/acs.jpcc.3c00234 
[2] Dombrowski, D. Samad, A., Mehlich, K., Chagas, T., Schwingenschlögl, U., Busse, C. 2D Mater. 10, 025005 (2023). DOI: 
10.1088/2053-1583/acb279 
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We have determined the surface thermal expansion coefficient and electron-phonon interaction in 
2H-MoS2, 1T-PtTe2 and 1T-PdTe2 by means of helium atom scattering (HAS). The electron-phonon 
coupling constant (λ) has been determined by measuring the thermal attenuation of the specular 
peak at surface temperatures between 100 and 500 K. Based on a recently developed quantum 
theoretical method adapted to layered degenerate semiconductors [1] we find that for 2H-Mos2, λ 
lies between 0.41–0.49, finding an increase in lambda when the defect concentration increases [2]. In 
the case of type II Dirac semimetallic 1T-PtTe2 and 1T-PdTe2 we have found a substantially higher λ 
value in the case of the latter. This difference may explain the superconductivity in 1T-PdTe2 despite 
being isostructural with 1T-PtTe2 [3,4]. 
 
Concerning surface thermal expansion, we present new data for PdTe2 [5] which confirm a trend 
observed for several 2D dichalcogenides [3,6], namely, that the in-plane lattice constant remains 
unchanged (within experimental error) in the temperature range of interest for applications, which 
enables setting an upper limit for the lateral thermal expansion coefficients of these materials.  
These findings suggest that these materials behave similarly to graphene on a weakly-interacting 
substrate, for which the surface thermal expansion coefficient is zero within experimental error. A 
comparison with graphene/Ni(111) regarding thermal expansion properties is also presented, 
highlighting the differences between a system with weak out-of-plane van der Waals forces and a 
strongly interacting one. Our current results suggest that zero in-plane thermal expansion can be a 
general feature of 2D dichalcogenides, although theoretical studies are needed to confirm it. 
 

[1] G. Benedek et al. Advanced Materials, 32, 2002072 (2020). 

[2] G. Anemone et al. The Journal of Physical Chemistry C, 123 (6), 3682-3686 (2019) 
[3] G. Anemone et al. 2D Materials, 7 (2), 025007 (2020) 
[4] G. Anemone et al. npj 2D Materials and Applications, 5 (1), 25 (2021)  

[5] G. Anemone et al. Physical Chemistry Chemical Physics, 24, 13229 (2022).  

[6] G. Anemone et al. 2D Materials, 5 (3), 035015 (2018) 
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Molybdenum disulfide (MoS2) has attracted much attention for many kinds of applications such as field-

effect transistors, optoelectronic devices, gas sensors, and catalysts. In particular, the MoS2 surface is a 

reaction field for various catalytic processes involving hydrogen [1]. However, the active sites for these 

catalytic reactions are considered to be the edge sites of MoS2 surface or the defect sites, since the 

ideal basal plane is inert for various molecules including molecular hydrogen. Therefore, enhancing the 

reactivities of the MoS2 basal plane is desired for improving the catalytic activities as well as gas sensor 

efficiencies.  

Formation of sulfur vacancies on the basal plane is one of the promising methods to change the intrinsic 

properties and activities of the MoS2 basal plane. However, the electronic states of the sulfur vacancies 

are not fully understood, particularly for quantitatively describing the core level shifts with the sulfur 

vacancy formation. We measured the electronic states of the MoS2 basal plane during annealing in 

hydrogen by near-ambient pressure x-ray photoelectron spectroscopy (NAP-XPS) [2]. Above 600 K, the 

XPS spectra of the Mo 3d and S 2p core levels showed significant changes: the appearance of low 

binding energy components and the decrease in the intensity ratio of S 2p core level to Mo 3d core 

level. These results indicated the low energy components were related to the sulfur vacancy formation. 

Using density functional theory (DFT) calculations, we obtained the absolute energies of core levels for 

the model MoS2 surfaces including hydrogen atoms and sulfur vacancies. Our calculated core level shift 

can quantitatively explain the observed binding energy shifts.  

Furthermore, we have demonstrated a new method to activate the MoS2 

basal plane for hydrogen molecules by deposition of Pd atoms on the basal 

plane [3]. Since Pd nanoparticles on oxide surfaces are known to be sites 

for hydrogen spillover, where the hydrogen atoms dissociated on the Pd 

atoms migrate onto the support materials, we investigated the 

corresponding process on the Pd deposited MoS2 surface by NAP-XPS and  

temperature-programmed desorption spectra. These spectra indicated  

that the dissociation of molecular hydrogen and the adsorption of atomic 

hydrogen occur on the Pd-deposited sites on MoS2, and thereafter 

hydrogen atoms spillover onto the MoS2 surface as shown in Fig. 1.   

  
[1] J. Mao et al., Frontiers of Physics, 13, 138118 (2018).  
[2] F. Ozaki, S. Tanaka et al., (in preparation). [3] F. Ozaki, S. Tanaka et al., Applied Surface Science, 593, 153313 (2022).  

Fig. 1. A schematic 

image of Pd atoms 

deposited MoS2 surface. 
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Atomic Layer Deposition (ALD) method allows the precise thickness control, as well as gives high-quality 
films with thickness uniformity. It is commonly utilized in the deposition of thin films of metal oxides 
including ZnO. Zinc oxide is a transparent n-type semiconductor with a direct band gap Eg equal to 
3.4 eV [1]. Due to the simplicity in its synthesis by ALD method, it can be found in various applications, 
e.g. thin film transistors [2] or light-emitting diodes [3]. 

So far, only one paper describing synthesis of Ge-doped ZnO (Ge:ZnO) by ALD was published by 
Chalker [4]. In this work, Ge:ZnO thin films were synthesized using the semi-industrial scale ALD reactor 
at mild temperature conditions. The detail characterization of the deposited thin films, with a focus on 
semiconductor and optical properties as well as surface studies, was performed using methods such as 
XPS, SEM equipped with EDS, and XRD, UV-VIS spectroscopy, Hall effect measurement etc. Due to the 
possible industrial application, the influence of Ge doping on the electronic and optical properties of 
layers was analyzed.  

Applied procedure allows the successful deposition of Ge:ZnO thin films using the ALD method with 
Ge content from 0 up to 40%. Scaling up the process in semi-industrial reactors requires the re-
establishment of deposition parameters for each material. To remove the organics from partially 
decomposed precursor, the additional pulse of water is required. Moreover, increase of precursor pulse 
time allows the uniform distribution of gas flow through the chamber, and in consequences, 
homogeneous deposition of thin films. In this work, the sample thickness along the length of the 
chamber, i.e. 70 cm, do not vary. The electronic and optical properties of the layers are significantly 
influenced by doping ZnO with just a few percent of Ge. The electrical conductivity decreases above 
5% of doping, thus marking the optimal doping level for the best electrical performance. The Ge-doped 
ZnO films showed also a higher transmittance in the visible region along with a reduction in the value 
of refractive index indicating reduced reflection losses than undoped ZnO.  

Fabrication of mentioned films using the industrial system highlights their possible application in the 
electronics or optoelectronics. 

This research was funded by National Centre for Research and Development (NCBiR) (Grant Number 
TANGO-V-C/0014/2021). 
 
[1] Janotti and Van de Walle, Reports on Progress in Physics, 12, 126501 (2009) 
[2] Kwon et al., Semiconductor Science and Technology, 3, 035015 (2009) 
[3] Yang et al., Physica Status Solidi A, 10, 2087 (2009) 
[4] Chalker et al., Journal of Materials Chemistry, 25, 12824 (2012) 
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Monolayers (MLs) of semiconducting transition metal dichalcogenides (S-TMDs), e.g. MoS2 and WSe2, 
have been demonstrated to carry the spin-like degree of freedom known as valley pseudospin due to 
the optical bandgap located at the K± points of their hexagonal Brillouin zone [1]. Recently, MLs of the 
MSi2Z4 family (M = Mo, W; Z = N, P, As, Sb), which form a new class of hexagonal noncentrosymmetric 
materials hosting extraordinary spin-valley physics, have been discovered [2].  

In this work, we investigate the optical response of the MoSi2N4 ML, grown using chemical vapor 
deposition on Si/SiO2 substrate [3], with the aid of photoluminescence (PL) performed in a wide range 
of temperature (5 – 300 K) and first principles calculations.   

The relative PL spectra, calculated as the difference between the PL spectra measured on the ML and 
on the Si/SiO2 substrate, as shown in the Figure.  MoSi2N4 MLs are semiconductors with an indirect 
band gap of about 1.94 eV at 300 K. However, the excitation of the PL spectra with high energies of 
3.06 eV or near to the band gap of 1.96 eV does not give rise to a measurable signal either at 300 K or 
at 5 K. Nevertheless, a significant PL is apparent under excitation close to the so-called A and B direct 
transitions in the K± valleys [3].  The  obtained relative spectra are Energy (eV) combined of two types of 
emission, i.e. a broad band with linewidths of  ~200 meV, on top of which a series of narrow peaks 
emerges.  

Consequently, it is difficult to decompose this emission to Raman scattering or hot luminescence, since 
the ratio between the resonantly enhanced Raman signal and the optical recombination at the K± 
points is unknown. At T=5 K, only the Raman peaks are seen, which were ascribed to phonon modes 
using the calculated phonon dispersion spectrum.   

Our results are the spore of research devoted to the MLs of the MoSi2N4 family, which properties 
locates them as ideal candidates for valleytronics, in line with S-TMD MLs.  

Fig. 1.  Relative PL spectra of MoSi2N4 ML under different excitations. The insets show the spectrum 
at 5 K and the optical image of the studied ML. 

[1] M. Koperski, et al., Nanophotonics 6, 1289 (2017).   

[2] T. Woźniak, et al., Small 2206444 (2023).   

[3] Y.-L. Hong, et al., Science 369, 670 (2022).  
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Lateral confinement is one of the prominent strategies for tailoring the electronic properties of 
graphene and other 2D materials. The most typical example of such 1D quantum confinement is the 
nanoribbon, where the nanometer width leads to the opening of an electronic bandgap. Nonetheless, 
it is still under debate whether properties induced by lateral quantum confinement of electrons can be 
obtained without creating physical edges as for nanoribbons, i.e. while preserving the integrity of 
targeted two-dimensional material. To address this question, we will demonstrate and discuss the 
formation of one-dimensional, ribbon-like structures with zigzag-edges embedded in a continuous 
single-layer graphene sheet grown on Ni(100).[1] We employ state-of-the-art Scanning Tunneling 
Microscopy and Spectroscopy, Low Energy Electron Microscopy, X-ray PhotoElectron Emission 
Microscopy and ab-initio calculations to prove that such graphene ‘pseudo-ribbons’ (GPRs) exhibit 
many of the properties found in zigzag-nanoribbons while avoiding the limitations that prevent their 
practical implementation in electronic devices, e.g. presence of atomic defects, cumbersome 
production of ribbons with suitable length and random alignment with the substrate. We find that the 
ribbon-like structures we produced are parallel, 1.4 nm wide, hundreds of nm long, and show one-
dimensional states comparable to nanoribbons of similar size with physical zigzag edges. On the basis 
of theoretical calculations, we demonstrate that, apart from the lateral confinement effect, GPRs 
exhibit the same band structure and the same carrier mobility of freestanding graphene, even while 
embedded in a heavily-doped graphene sheet. Remarkably, we report, for the first time, direct 
measurements on how the electronic band structure of a two-dimensional material is affected by the 
induced one-dimensional lateral quantum confinement. The GPR alignment with the substrate is so 
precise that it allows for angle-resolved photoemission spectroscopy (ARPES) experiments spanning 
the whole First Brillouin Zone. The effect of one-dimensional confinement on ARPES will be carefully 
discussed and rationalized in terms of geometric blurring and effective band dispersion.  

 
Fig. 1. a) STM image of graphene/Ni(100) presenting 1D moiré pattern in pristine and lifted “pseudo-ribbons” 

(GPR). b) hi-res STM image of a GPR and its model structure in side view. GPRs are produced by carbon 
segregation and formation of interfacial nickel carbide (in red). c) k-space mapping of photoemitted electrons. 

The graphene Dirac cones are distorted by the 1D character of GPRs. 
 
[1] A. Sala et al., Adv. Funct. Mater. 32, 2105844 (2022) 
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Intercalation of molecules between metal substrates and graphene or other two-dimensional (2D) 
systems may find consistent applications in catalysis. In particular, the space between a metal surface 
and a 2D layer can be considered as a nanoreactor, where chemical reactions that do not take place 
on the bare metal surface may occur.  
In this study we focused on CO intercalation in a 2D nanoreactor formed by weakly interacting 
graphene synthesized on Pt(001). The experiments were performed in an ultrahigh vacuum system, 
CoSMoS, which is a surface science cluster system connected to the SuperESCA beamline at the Elettra 
synchrotron radiation facility. Graphene (Gr) was produced in situ by chemical CVD by dosing ethylene 
at high temperature, following the evolution of the C 1s spectrum in real time with fast-XPS. The LEED 
pattern shows the presence of rotational domains on the surface but the C1s peak is very narrow  due 
to a weak interaction between Gr and the Pt substrate. In order to intercalate CO it was necessary to 
dose less than a full Gr layer or to remove part of the layer with an oxygen treatment at high 
temperature. A number of techniques were used to characterize the electronic, structural and 
chemical properties of the system: HR-XPS, XPD, STM and NEXAFS. The results showed that after CO 
intercalation the C 1s peak of graphene shifts towards lower binding energies by 0.2 eV, indicating 
that Gr is decoupled from Pt(001). Also, the lineshape of the C1s core level of intercalated CO 
resembles that of CO/Pt(001), meaning that the CO molecules occupy the same adsorption sites with 
similar configuration in the two systems. Fast XPS measurements during sample heating demonstrate 
that the graphene cover confers an enhanced thermal stability to the CO adsorbed on Pt(001). 
Therefore Gr/Pt(001) appears to be a good candidate for tuning catalytic processes such as CO 
oxidation. 
 This work is funded by the Core Program PC3-PN23080303 and Grant PN-III-P1-1.1-TE-2019-0916. 
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Layered semiconductors have many potential applications because they can keep their semiconductor 
properties even when they are very thin. However, they also face challenges, such as the reduced 
performance of their transistor devices due to the influence from the interface with the substrates. 
One problem is hysteresis, which means transistor characteristics change depending on previous state. 
In this study, we used WSe2, an ambipolar layered semiconductor without doping. We made a device 
structure that suspended WSe2, avoiding any contact with substrates. We measured carrier distribution 
and polarity in WSe2 with scanning nonlinear dielectric microscopy (SNDM). SNDM measures 
capacitance between tip and sample and image dominant carrier type and concentration. We found 
suspended WSe2 had reversible carrier modulation with voltage, while WSe2 on SiO2 showed 
irreversible carrier modulation. This shows suspended device structures have better electrical 
characteristics than ones on substrates and SNDM is useful for characterizing layered semiconductors. 

We compared two WSe2 samples with different structures. Sample A had mechanically exfoliated 3-10 
layers of WSe2 on a Si substrate. Sample B had 3 layers of WSe2 suspended on 40 nm-height Au wires 
on the same substrate. We measured the dominant carrier distribution and polarity by SNDM. Figure 
below show topography [(i)] and SNDM (dC/dV) images [(ii)-(v)] for sample A [(a)] and B [(b)]. (ii), (iii), 
(iv), and (v) show how dominant carrier concentration distributions changed with different DC bias 
voltages applied in decreasing and increasing order. Ideally, dominant carriers on WSe2 are p-type at 
positive voltage, n-type at negative voltage, and non-polar at 0 V. However, the polarity in Figs. (a)-(ii) 
and -(iv) was, n-type and p-type, respectively, while DC bias voltage was 0 V. In addition, n-type contrast 
was partly found in Fig. (a)-(v) for +5 V. This indicates hysteresis phenomenon in sample A. In fact, 
contrast in Fig. (a)-(ii) at 0 V was different from that of (iv), though voltage was same. On the other 
hand, no hysteresis phenomenon was found for sample B. Contrasts in Figs. (b)-(ii) and -(iv) at 0 V were 
non-polar and almost the same. In addition, we confirmed n-and p-type contrast for -5 V and +5 V, 
respectively, as expected. These results show suspended structure reduces hysteresis phenomenon 
and exploits the ideal characteristics of WSe2.  

This work is supported in part by a Grant-in-Aid for Scientific Research (20H02613, 16H06360) from 
JSPS, Japan. 

(ii) 0V (iii) -5V (iv) 0V (v) +5V
(a) Mechanically exfoliated WSe2 (sample A) 

(b) Suspended WSe2 (sample B)

N

P 

(i)Topography 

(ii) 0V (iii) -5V (iv) 0V (v) +5V(i)Topography 
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Large-area graphene has gained much attention as a promising filtration material. It is estimated, that 

mainly due to one atom thickness, it can have two orders of magnitude better filtration efficiency than 

current state-of-art polymer filtration membranes. In the literature selective transport of substances 

was measured through graphene grown via the CVD method on solid copper. However, the possibility 

of using graphene synthesized on liquid metal in these solutions has not been investigated so far.  

The properties and structure of HSMG® (High Strength Metallurgical Graphene) graphene, in terms of 

its possible use in filtration, were examined in this work. A broad material examination was carried out 

(SEM, Raman spectroscopy, AFM, HR-TEM) as well as diffusion transport measurements. As a result, 

naturally occurring clusters of subnanometric defects were identified and it was shown that due to 

their presence, HSMG® graphene is a selective barrier for the transport of ions of various sizes and 

organic molecules due to their size. Then, a concept was developed, and composite filtration 

membranes based on this graphene were made. A method of selective sealing of too-large graphene 

defects from the point of view of filtration has been proposed, using graphene oxide and reduced 

graphene oxide. Through material examination and filtration tests in the forward osmosis mode, the 

membrane fabrication method was optimized in terms of obtaining the highest efficiency of the 

filtration process.  

As a result, centimetre-scale semi-permeable membranes based on monolayer, polycrystalline HSMG® 

graphene were obtained. Thanks to the use of selective masking of defects in graphene, a high degree 

of blocking of salt ions (≈90%) and spontaneous flow of water induced by osmotic pressure difference, 

an order of magnitude lower than the best state of art CVD graphene-based membranes were 

obtained.  

The research was supported by POIR.04.01.04–00-0089/15, and POWR.03.02.00-00-I042/16-00.  
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Layered two-dimensional materials such as graphene and transition metal dichalcogenides (TMDC) 
characterise with a diverse range of physical properties. One of the characteristic properties of such 
materials is that they exhibit intermolecular van der Waals forces that bind the crystal layers in a plane 
perpendicular to the layers of the material. The presence of these interactions potentially enables the 
mixing of different layered materials into so-called van der Waals (vdW) heterostructures. Such-
created materials may exhibit properties different than what could be expected from a simple mix of 
given components, due to the proximity effects that modify their electronic structure. Hybrids 
fabricated this way are not naturally found - they are unique and never before studied systems that 
require in-depth characterization. 
In our research, a vdW heterostructure was produced by covering the WTe2 surface with graphene. 
The properties of the hybrids obtained this way were then characterized using both global and local 
characterisation techniques. Due to the many interesting properties, a multi-layer WTe2 bulk crystal 
was chosen as a material to fabricate the heterostructure. It belongs to the type-II Weyl semimetals 
group - a class of materials in which electrons exhibit the behaviour of massless Weyl fermions with a 
strictly defined chirality. 
The mutual influence of the hybrid components interactions in the heterostructure has been 
characterized using a variety of research techniques, such as: scanning tunnelling microscopy (STM), 
current imaging tunnelling spectroscopy (CITS), low-energy electron diffraction technique (LEED), 
Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and angle-resolved photoelectron 
spectroscopy (ARPES). The data obtained using the above-mentioned methods suggest the existence 
of interactions caused by the proximity effect in the heterostructure and a modification of the 
electronic structure of its components. 
This work is financed by the National Science Center, Poland under the project 2018/31/B/ST3/02450. 
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Silicene, the silicon counterpart of graphene, is a one-layer thick two-dimensional material, in which Si 
atoms form a honeycomb lattice [1]. Its freestanding atomic structure is low-buckled, although 
completely flat (planar) form has also been predicted [2]. Similarly to graphene, both forms of silicene 
are characterized by the presence of linear Dirac bands in the electronic structure. Until now, silicene 
has been synthesized in the epitaxial form only on a few, mainly metallic, substrates with significantly 
changed structural and electronic properties [3]. 

Recently, the planar silicene has been synthesized on Au(111) films grown on Si(111) substrate in the 
process of surface segregation [4]. Its electronic structure is different than in the case of the 
freestanding form. Nevertheless the linear bands do exist, although they exhibit more complex 
dispersion patterns in the Brillouin zone. The presence of such exotic Dirac fermions originates from 
the silicene-substrate interaction. This planar form of silicene is a part of a more complex Si-Au 
heterostructure with twisted atomic layers [5]. The morphology of the substrate plays a substantial role 
in the synthesis of the planar silicene, as shown in Fig. 1. 

This work has been supported by the National Science Centre under Grant No. 
DEC2018/29/B/ST5/01572. 

   
Fig. 1. STM topography of the planar silicene synthesized on flat Si(111) (a) and vicinal Si(11 11 13)  

 substrate (b). 

[1] K. Takeda, K. Shiraishi, Phys. Rev. B. 50, 14916 (1994). 
[2] S. Cahangirov, M. Topsakal, E. Akturk, H. Sahin, S. Ciraci, Phys. Rev. Lett. 102, 236804 (2009). 
[3] M. Krawiec, J. Phys.: Condens. Matter 30, 233003 (2018). 
[4] A. Stępniak-Dybala, P. Dyniec, M. Kopciuszyński, R. Zdyb, M. Jałochowski, M. Krawiec, Adv. Funct. 
Mater. 29, 1906053 (2019). 
[5] T. Jaroch, M. Krawiec, R. Zdyb, 2D Mater. 8, 035038 (2021). 
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Thin FCC (100) iron and cobalt carbide films were prepared on Cu(100) to study the connection 
between their structure, electronic properties and stability. We present the first detailed, real space 
experimental confirmation of the C-induced clock reconstruction on the FCC(100) surfaces of iron and 
cobalt. Both Fe and Co surface carbides show p4g (2×2) surface reconstruction with tetracoordinated 
square planar carbon and pure FCC (100) metal layers underneath. Combining tip-sample distance 
dependent STM imaging with theoretical calculations we present different imaging modes of Fe2C. 
Using a combination of angle-resolved x-ray photoelectron spectroscopy (AR-XPS), Auger electron 
spectroscopy (AES), low energy electron diffraction (LEED), scanning tunneling microscopy (STM), and 
theoretical calculations we provide detailed electronic and structural models for Fe2C and Co2C p4g 
(2x2) surface carbides and other 2D Fe2X interstitial compound systems. In various Fe2X (X = B, C, N, O) 
surface compounds moving to the right in the periodic table with increasing electrons the 
reconstruction becomes less favorable, while iron carbide shows the highest stability. 

 

Fig. 1. Upper row - experimental and simulated STM image of Fe2C surface carbide; second row - calculated 
surface geometries of Fe2B, Fe2C, Fe2N, Fe2O and Co2C slabs, showing the top and side view of the different 

compounds. All of them follows (near)p4g except Fe2O. 
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Blue phosphorene (Blue P) is a phosphorous allotrope with buckled honeycomb lattice, and it is 
predicted to possess excellent electronic properties. The synthesis of Blue P, however, has been a 
challenging task.  Here, we report the growth of macroscopically continuous Blue P monolayer on 
Cu(111) substrate, and a rich surface morphological evolution with increasing P exposure and sample 
temperature, as observed with in situ scanning tunneling microscopy and spectroscopy (STM/STS). 
Nearly straight stripes along [112�] and equivalent directions (with a 12×√3 rectangular supercell) are 
formed first, followed with a ��3(111) × �3(111)�𝑅𝑅25.3° spiral hexagonal superstructure when the 
sample is held at ~ 470 K during P exposure. With further P exposure at higher sample temperatures, 
non-spiral hexagonal superlattices of smaller periods were observed. These observed patterns can be 
explained as a tensile-stressed flat Blue P honeycomb layer bound strongly with a compressed Cu 
atomic layer formed on Cu(111), with the flat Blue P honeycomb lattice matching with the 
�√3 × √3�𝑅𝑅30°  of the compressed Cu atomic layer. Besides the intrinsic tendency similar to the 
herringbone reconstruction on Au(111) surface, the formation of the compressed Cu surface layer is 
facilitated by the compressive stress applied by the flat Blue P layer, as well as electron transfer from 
Cu to the Blue P. With these driving forces, the areal atomic density in the compressed Cu layer 
increases from the bulk value by a factor of ~ 8% in the stripe phase to more than 15% in the non-spiral 
hexagonal phase. As the P-P bond length approaches its optimal value, however, the binding strength 
between the Blue P and Cu layers weakens, which reduces the compressive stress on the Cu surface. 
Subsequently, certain amount of Cu atoms are released from the compressed layer, which may form 
small islands on the surface, as observed in some regions of the sample.       
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We present a comparative study of the electronic and structural properties of hBN on curved and flat 
transition metal (TM) substrates, c-Pt(111), c-Ni(111), and Ir(111) crystals,  and their modifications after 
Eu intercalation. The hBN was grown by CVD processes on these substrates. 

 Many new devices are proposed to be based on 2D Materials like Graphene (Gr), hexagonal boron 
nitride (hBN), dichalcogenides, etc. These materials are generally grown by CVD processes on adequate 
metal substrates like copper, nickel, or platinum. The growth quality depends strongly on the 
crystallinity of the substrate and the overlayer-substrate interaction. The properties of the interface 
could be influenced by tuning the crystal structure and step density of the substrate. That was shown 
by hBN growth on curved crystals that feature strong (Ni) [1], weak (Pt) [2] substrate faceting, and 
highly ordered nanostripes on Rh [3].   

The structural properties were investigated by Low-energy electron diffraction (LEED) and scanning 
tunneling microscopy (STM). Stable facets are formed upon hBN growth on the substrates. After Eu 
intercalation, some changes are observed. A formation of Eu-TM alloy is detected by the LEED. The 
electronic structure was characterized by X-ray photoelectron spectroscopy (XPS) and angle-resolved 
photoemission measurements (ARPES). Furthermore, we studied the possible protection of Eu by the 
hBN layer on a curved Pt substrate [4]. We observed that Eu protection was incomplete due to defects 
and hBN growth boundaries which resulted in the Eu oxidation.  

 

Fig. 1. Schematic diagram illustrates the exposure of an Eu-TM surface alloy below a protection layer of hBN 
towards ambient conditions.  

 
[1] Fernández, Laura, et al., 2D Materials 6 (2), 025013 (2019). 
[2] Bakhit, Alaa Mohammed Idris, et al. Science Talks 4, 100071 (2022). 
[3] Ali, Khadiza, et al., Advanced Science 8 (17), 2101455 (2021) 
[4] Bakhit, Alaa Mohammed Idris, et al. arXiv preprint 2301.11837 (2023). 
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Silicene, a silicon analog of graphene, has been intensively studied in the last decade because it is a 
promising candidate for the quantum spin Hall system and is more compatible with silicon-based 
nanotechnologies than graphene. Although freestanding silicene has an alternately buckled 
honeycomb lattice [1], scanning tunneling microscopy (STM) has revealed that silicene on a substrate 
exhibits a variety of reconstructions. For example, silicene on the Ag(111) surface shows e.g., 4 × 4, 
√13 × √13, 2√3 × 2√3 periodicities with respective to the Ag surface, which are further classified 
into several phases with distinct buckling patterns. Although the geometries of representative phases 
have been identified, there remain phases which are difficult to clarify experimentally. A typical 
example is the T phase, which is observed as round dots with a √13 × √13 periodicity in STM images. 
However, detailed analyses have revealed that some of the dots are elongated and orientated randomly 
[3], whose origin has never been clearly explained based on the structural models proposed so far. 
Theoretically, it is difficult to apply expensive density functional theory (DFT) calculations to such less 
ordered systems because of the complexity inherent to the buckling structure. To overcome the 
difficulty, we here adopt global optimization with first-principles energy expressions (GOFEE) algorithm 
[4] to search for the stable structures of silicene on Ag(111). GOFEE outperforms conventional methods 
based on DFT and evolutionary algorithms (EA) by relaxing the EA-generated structures using the 
inexpensive surrogate model of Gaussian process regression. Our results demonstrate that GOFEE can 
not only reproduce the representative stable structures but also generate metastable ones. In 
particular, the structures with the √13 × √13 periodicity (Figure 1) include phases with one (d), two 
(e), and three (f, g) protrusions, whose energies are close to each other. This indicates that the less 
ordered nature of the T phase can be attributed to the mixture of these phases. 

 

 
Fig. 1.	√13 × √13	phases of silicene on the Ag(111) surface obtained by the GOFEE search. The rhombus 

denotes the unit cell with the √13 × √13 periodicity relative to the Ag(111) surface. 
 
[1] K. Takeda and K. Shiraishi, Phys. Rev. B, 50, 14916 (1994).  
[2] e.g. H. Jamgotchian et al., J. Phys. Condens. Matter, 24, 172001 (2012).  
[3] B. Feng et al., Nano Lett., 12, 5088 (2012); Z.-L. Liu et al., New J. Phys., 16, 075006 (2014). 
[4] M. K. Bisbo and B. Hammer, Phys. Rev. Lett., 124, 086102 (2020). 
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Two-dimensional (2D) materials provide an extremely rich platform to investigate novel quantum 
phenomena and to design nanostructures with desired functionalities [1]. Some of the key techniques 
employed in studies of 2D materials, such as photoemission spectroscopy, have stringent requirements 
for the quality, sample size and cleanliness of the surface. Fulfilling these conditions using a standard 
mechanical exfoliation in a glove box is often problematic. 

Here, we present a novel method for in situ exfoliation of 2D materials performed directly in ultra-high 
vacuum, which yields large flakes of excellent crystallinity and purity [2]. In our experiments, multiple 
semiconducting and metallic transition metal dichalcogenides were exfoliated onto Au, Ag and Ge  
substrates, showing the versatility of the technique, and characterised by angle resolved 
photoemission spectroscopy. 

Importantly, the proposed method is straightforward, simple, and does not require any specialised 
equipment. This technique is ideally suited for the electronic structure research of air-sensitive 2D 
materials since the sample preparation process happens entirely in ultra-high vacuum. 

 
Fig. 1. An example of KISS exfoliated flake of WS2 on Ag(111). a) Optical microscopy image and b) bandstructure 

around Γ (left) and K point (right).. 
 
[1] M. Zheng, Y. Xiao, J. Liu, K. Yang and L. Fu, Exploring Two-Dimensional Materials toward the Next-Generation 
Circuits: From Monomer Design to Assembly Control Chemical Reviews 118, 2018. 
[2] A. Grubišić-Č abo, M. Michiardi, C.E. Sanders, M. Bianchi, D. Curcio, D. Phuyal, M.H. Berntsen, Q.Guo 
and M. Dendzik, In-situ exfoliation method of large-area 2D materials, Advanced Science, In press, doi: 
10.1002/advs.202301243, 2023 
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Here it is proposed a new technique to study the empty-states of solid state materials. For many key 
applications in electronics, optics, thermionics it is crucial to map the empty-states to derive 
information such as bandgap, carrier effective mass in conduction band minimum (CBM), intra bandgap 
states and band alignments. 

To characterize materials conventionally, photoemission related techniques, such as x-ray 
photoemission spectroscopy or valence band spectroscopy, focus on filled states below the Fermi level. 
We found an easy method to study also the empty-states that are above the Fermi level, therefore 
providing information on the conduction band. This approach is based on the study of secondary 
electron emission by angle resolved photoemission, Fig. 1, and it is feasible without access to 
synchrotron radiation facilities or complex equipment; indeed, we present results obtained using a 
laboratory-based photoemission electron microscope setup equipped with conventional VUV light 
sources. 

Diamond represents an exemplary material where this new technique can be applied. When hydrogen 
terminated, diamond exhibits negative electron affinity (NEA), with the work function level that falls 
into the band gap and allows an accumulation of thermalized, hot electrons at the CBM [1,2]. Observing 
the angle-resolved secondary electron emission of two diamond crystals, with (100) and (111) 
orientations, it was possible to derive the photoemission rules of the secondary electrons. Exploiting 
these findings, we calculated the bandgap and carrier effective mass at the CBM. The effectiveness of 
this method was also verified using a no-NEA material, such as a copper crystal, confirming its general 
applicability. 

Having an easy access to information of the materials empty-states is the springboard for a highly 
accurate electronic band engineering and represent a powerful tool to tailor advance materials optics, 
catalysis and electronics.   

 

Fig. 1. Calculated (left) and experimental (center) secondary emission spectroscopy isoenergetic cut close to the 
CBM for a diamond (100). 3D reconstruction (right) of the empty states close to the diamond CBM.[1] 

 
[1] G. Wan … M. Cattelan, Advanced Functional Materials, 4, 2007319 (2021) 
[2] G. Wan, M. Cattelan et al. Carbon, 185, 376 (2021). 
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We demonstrated on Ag(111) and Ag(100) surfaces that the reciprocal of the field emission 

resonance (FER) linewidth, which is proportional to the mean lifetime of resonant electrons in 

FER, may vary with the electric field. The variation on Ag(111) was nearly smooth, whereas 

that on Ag(100) was sporadic and fluctuated remarkably. This drastic difference can be 

explained through their dissimilar projected bulk band structures and the ensemble 

interpretation of quantum mechanics, according to which all resonant electrons are governed 

by a single wave function (WF). Ag(100) has an energy gap above its vacuum level, whereas 

Ag(111) does not. Consequently, the dissipation rate of the WF, which is relevant to the FER 

linewidth, on Ag(111) was almost stable, whereas that on Ag(100) fluctuated. The fluctuation 

originated from the quantum trapping effect [1] and surface dipole layer (SDL) on Ag(100) 

surface. Through FER linewidth, we also demonstrated that SDLs of Cu(100) and Ag(100) are 

different. The authors are grateful for the support provided by the Ministry of Science and 

Technology and Academia Sinica, Taiwan.   

      

 

Fig.1 Typical field emission resonance (FER) spectra acquired on (a) Ag(111) and (b) Ag(100). The fitting 

linewidth E of FER1 for the spectrum in (a) and (b) by Lorentz curve is shown in (c). (d) shows the 

electric field FFER dependence of the reciprocal of E on Ag(111) and Ag(100). This work has been 

published in Phys. Rev. B 105, 195411 (2022).  

[1] W. B. Su, S. M. Lu et al., Nanoscale Adv., 2, 5848 (2020)  
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As the channel lengths of electronic devices scale down to the nanometer range, conventional methods 
of charge-carrier mobility evaluation encounter technical limit imposed by various measurement-
related interfering effects. Here, we show that electron spectroscopy offers additional (yet hidden) 
information of unipolar charge transport free from conventional problems. To maintain charge-neutral 
conditions during electron (photon) beam irradiation, the sample current is sensitively affected by 
transport properties of the sample, and allows sufficiently precise carrier-resolved mobility for 
measuring in the extremely low regime (10-4 cm2/V·s) of nanometer-length channels. Our contactless 
method enables separate in-situ evolution of electron and hole mobilities and is expected to offer a 
new pathway for probing the nonlocal conduction of spin charges in spin-momentum locked materials. 

 

 
Fig. 1. Extremely low charge-resolved mobility by EDC methos: (a) EDC mobilities of standard samples (b In-
plane scattering profiles of as-cast and annealed P3HT (c) A two-dimensional graph of the EDC mobility of 
electrons and hole. 
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ToF-SIMS is a very versatile and widely applicable method, but it also has its weaknesses with the most 
profound one being nonquantitative analysis caused by the matrix effect which also limits the 
capabilities of depth profiling. Namely, in SIMS depth profiling of thin films, chemically similar layers 
can be difficult to distinguish between each other and interfaces between them difficult to identify. 
The reason for this is changes in the ionization yield caused by the changes in the matrix as the chemical 
composition of the sample differs from layer to layer. This is the same effect that causes non-
quantitative surface analysis and matrix-dependent detection limits of the same molecule or element. 
However, there are different ways of reducing the matrix effect. Most widely applied are laser or 
electron beam post ionization (SNMS), metal-assisted and matrix-enhanced SIMS, dynamic reactive 
ionization (DRI) and introduction of gases into the analysis chamber (gas flooding). 

We applied the gas flooding approach to reduce the matrix effect and improve depth profiling results, 
testing different atmospheres such as H2, C2H2, CO and O2 during the analysis. Only O2 was previously 
used, while the other three gases were introduced as a novelty by our group. We achieved the best 
results with the H2 both in the field of depth profiling and the quantitative aspect of the results 
measured with the mass spectra. H2 atmosphere enables easier and unambiguous differentiation of 
layers of metals and their oxides, different metals, and alloys with different compositions. Furthermore, 
the identification of interfaces becomes simpler. We also did not observe a change in the sputter rate 
during H2 flooding. [1] Surface roughening caused by the ion bombardment taking place during depth 
profiling was reduced in the H2 atmosphere as well. This effect is more evident after sputtering a greater 
amount of the material and also depends on the chemical composition of the layer of interest. We 
assume that the most probable reason for this observation is the level of amorphization that happens 
during the sputtering process. [2] Our last results also show a better correlation between ratios of the 
SIMS signals from metals in alloys when comparing alloys with different chemical compositions 
analyzed in the H2 atmosphere. The O2 atmosphere also gives better results than UHV conditions, but 
improvement is less pronounced than in the case of H2 flooding. These findings bring ToF-SIMS one 
step closer to becoming at least a semiquantitative method. 
 
 
[1] J. Ekar, P. Panjan, S. Drev, J. Kovač, J. Am. Soc. Mass Spectrom., 33, 31– 44 (2022). 
[2] J. Ekar, J. Kovač, Langmuir, 38, 12871–12880 (2022). 
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Surface X-ray Diffraction (SXRD) is a powerful tool in surface studies due to its unique ability to 
determine atomic structures with great precision under working conditions. However, the method is 
currently limited to simple samples such as single crystals. We are aiming to develop Tomographic 
Surface X-ray Diffraction (TSXRD) as a tool for in-situ and operando surface structure determinations 
on polycrystalline samples. This will give new possibilities in the investigation of the relation between 
surface structure and function in many processes and devices, such as catalysis, electrochemistry, and 
corrosion. 

Determination of grain orientation in the surface region can be performed similarly to 3D-XRD. There, 
Bragg reflections are used to extract spatially resolved grains of different crystalline orientations [1,2]. 
In TSXRD, similar tomographic approaches are used but with a focus on the Crystal Truncation Rods 
(CTRs) and superstructure rods to extract information about the surface structure and structural 
changes of each grain.  

We have performed measurements of polycrystalline surfaces of different materials and grain sizes 
with clean and oxidized surfaces ex-situ. Presently, spatially resolved orientation maps of the surface 
region are being extracted. In parallel, we are developing the TSXRD analysis to extract the surface 
structure of both clean surfaces, surface reconstructions, and thicker oxide layers. We are currently 
able to distinguish some grains in the samples (see Fig. 1) and their crystalline orientation.  In 
this presentation, we will describe the method in more detail and give an update on the 
analysis development.

 

Fig. 1. Grains found in the near surface region of a polycrystalline palladium sample from measurements at 
P21.2 at PETRA III at DESY 

 

[1] S. Schmidt, Journal of Applied Crystallography, 47, 276-284 (2014)  
[2] E. M. Lauridsen, Journal of Applied Crystallography, 34, 744-750 (2001)
 

Mon-16:50-O-AEM

86



Mon-17:10-O-AEM

87

Research capabilities of the DEMETER experimental line at the 

NSRC SOLARIS facility 

 

B. Wolanin1, A. Mandziak1, K. Matlak1, P. Nita2, T. Tyliszczak3 

 
1 National Synchrotron Radiation Centre SOLARIS, Jagiellonian University,  ul.  Czerwone Maki 98, 

Kraków, Poland 
2 Faculty of Physics, Astronomy and Applied Computer Science, Jagiellonian University,  ul. prof. 

Stanisława Łojasiewicza 11, Kraków, Poland 

3 Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA 

 
barbara.wolanin@uj.edu.pl 

DEMETER (Dual Electron Microscopy and Spectroscopy Beamline) is soft X-rays beamline dedicated for 

both surface and environmental studies. The versatility of the DEMETER beamline allows to carried out 

the research in ultra-high vacuum conditions and in environmental conditions, thanks to 

implementation of the two different X-ray microscopes installed at two independent  branches. One of 

the end stations is the PEEM microscope (Photoemission Electron Microscope), which is very powerful 

tool to study chemical, magnetic and electronic properties of surfaces, thin films and interfaces [1]. 

Tunable x-ray source in combination with the energy analyzer at PEEM end-station offer a wide range 

of other surface sensitive techniques such as XAS, XPS, ARPES or XPD.   

PEEM microscope offers additional equipment enabling in-situ sample  preparation. The availability of 

a whole range of spectroscopic techniques combined with in-situ preparation, makes it a very useful 

tool among the SOLARIS synchrotron user community. Spatial resolution in the PEEM microscope 

reaches the nanometer scale.  

The second  branch of the DEMETER beamline is the STXM microscope (Scanning Transmission X-ray 

Microscope). The STXM microscope is, so far, the only X-ray transmission microscope in Poland. The 

end-station is designed to study  environmental samples (in air or He atmosphere). Spatial resolution 

in STXM depends on the quality of the Fresnel lens, which is the most important optical element and 

in this case it reaches 25 nm. The main advantage of this tool is the combination of microscopy and 

spectroscopy within one technique [2]. Depending on the user's needs, it is possible to extend the 

research capabilities of the STXM microscope with a ptychography or electrochemical cell for in-situ 

catalytic reactions. The source is an elliptically polarized undulator which provides high photon flux 

(1012ph/s/%) and covering the energy range from 100-2000 eV. The design and performance of PEEM 

and STXM microscopes will be described in the presentation.  

[1]. W. Janus, T. Ślezak et al., Scientific Reports, 13, 4824 (2023).  
[2]. P. Błaszczak, A. Ducka et al., Journal of the European Ceramic Society, 2, 438 (2023).   
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The resistive switching effect is the ability of a material to reversibly change its conductivity after 
electrical stimulation. One of the main desirable applications for this phenomenon is the technology 
of non-volatile computer memory, where distinguishable conductivity states are representing logical 
states of a memory cell. Memory cells in resistive switching technology are simple MIM 
(metal/insulator/metal) structures, where switchable material is sandwiched between two metal 
electrodes. It is possible to change the resistance of an insulating material by polarizing it with external 
electric field, which results in a transition from a high resistivity state to a low resistivity state or vice 
versa. These states can represent logical states „0” and „1” which code information processed by 
computer algorithms.  Promising group for this application are 2D materials which are now intensively 
studied due to their atomically thin structure, outstanding mechanical properties like Young’s modulus 
and strength or electronic properties covering a wide range of applications from insulators to 
conductors or even superconductors. One of the subgroups of 2D materials are transition metal 
dichalcogenides which general formula is MX2, where M is a transition metal and X is a chalcogen. Most 
widely studied transition metal dichalcogenide is MoS2 due to its environmental stability and low 
temperature chemical vapor deposition synthesis.  
  
The efficiency of devices made from 2D materials or their heterostructures relies highly on the quality 
of the material/substrate interface. Thus it is crucial to investigate the impact of substrate quality on 
the electronic performance of the devices and the physics of the material/substrate interaction. In our 
work interaction between MoS2 and two different substrates was investigated. For samples production 
standard exfoliation procedure with the adhesive tape and low adhesive polymer was used. Samples 
with gold and silicon substrate were fabricated and examined with nanoscale force spectroscopy. 
Results show a modification of the MoS2/Au interface. Applying certain force with a nanoprobe 
resulted in a change of the MoS2 morphology which is probably caused by a strong MoS2/Au 
interaction. For a comparative set of samples produced on silicon substrates this effect is not observed. 
Instead, applying force led rather to a small displacement of air bubbles trapped underneath the MoS2 
flake or to the flake tearing.   
  
This work was supported by National Science Center, Poland, under the Grant 2020/38/E/ST3/00293  
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Formation of various geometric patterns on the surface during crystal growth process remains a subject 
of interest of many researchers. Step-bunches, meanders, nanowires, islands, mounds of different 
shapes are structures that are usually sought as a basis for implementing new solutions at the 
nanoscale. An important mainspring behind such searches is the use of nanostructures as a solid 
platform for topologically protected quantum computing. An identification of growth conditions to 
obtain such structures is important to maintain proper control under the nanostructures production 
process Therefore, good theore0cal surface modeling is essen0al to create well-defined and structured 
crystalline substrates that are ready to be used in research and technological processes.  

It is the particle diffusion in the presence of step-edge barrier that drives the surface of the growing 
crystal towards a well-defined ordering. The diffusion of particles in the inhomogeneous potential 
energy landscape leads to many unexpected and interesting behaviors of the system. The combination 
of the direct and inverse step barrier and the proper selection of the well potential between them or 
the change in the height of the step barrier leads to the growth of nanocolumns, nanowires, and 
nanopyramids or meanders in the same system [1]. Based on our (2 + 1)D vicinal Cellular Automaton 
model [3,4] we analyze the above-mentioned different structures on the crystal surface (Fig.1). 
Therefore we investigate the surface characteristic through analysis of the two length scales: height and 
horizontal distance. We show that proper identification of length scaling allows for pattern 
identification in a simple, automatic way. As an effect we are able to analyze surface stability diagrams 
for different model parameters in the context of surfaces obtained experimentally for grown GaN 
crystals.  

a)   
Fig. 1. Structures obtained for initial concentration of particles c0=0.02, a) inverse Ehrlich-Schwoebel barrier 

with jump probability given by Pies=0.1, direct Ehrlich-Schwoebel barrier with jump probability given by  
Pdes=0.44, the energy of particle that stays at the bottom of the step pw=2.22, length of terrace l0=10 and 

number of diffusional steps nDS=10 which leads to nanopillars b) Pies=0.2, Pdes=0.4, pw=2.5, l0=2, nDS=40 which 

leads to nanowires. System size 200 x 200.  

[1] M. Załuska-Kotur, H. Popova and V. Tonchev, Crystals, 11, 1135 (2021).   
[2] A. Krasteva, H. Popova, F. Krzyżewski, M. Załuska-Kotur, M. and V Tonchev, AIP Conf. Proc., 1722, 220014 (2016). 
[3] F. Krzyżewski, M.A. Załuska-Kotur, A. Krasteva, H. Popova, and V Tonchev, J. Cryst. Growth, 474, 135 (2017).  
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Here we present software development efforts for efficient molecular properties and theoretical
spectroscopy simulations of very large molecular systems (up to and beyond 500 second row atoms),
either free-standing or in the presence of an environment. These developments are carried out in
VeloxChem [1], an MPI/OpenMP parallel Python-driven quantum chemistry software suitable for
high-performance computing (HPC) cluster environments. VeloxChem implements an efficient
multifrequency complex linear response equation solver which enables calculations of core and
valence electronic absorption and circular dichroism spectra, as well as a quadratic response solver
which can be used to determine observables related to second-harmonic generation (SHG) [2] at the
Hartree–Fock and Kohn–Sham Density Functional Theory (DFT) levels. Besides its HPC aspects,
VeloxChem also features interactive program access through Jupyter notebooks which makes it an
education-enabling software platform for quantum molecular modeling, as illustrated in the eChem
project [3]. Here, we will focus on the HPC aspects of VeloxChem and illustrate its performance for
various spectroscopies and molecular properties of very large systems. One particular example will be
related to the valence electronic structure of a hydrogen-bonded layer of melamine deposited on a
Au(111) surface. We will illustrate the effects of hydrogen bonding on the valence unoccupied
electronic states of melamine as determined with Near-edge X-ray absorption fine structure (NEXAFS)
spectroscopy.

[1] Rinkevicius, Zilvinas et al., WIREs: Comput. Mol. Sci., 10, e1457 (2020)
[2] Ahmadzadeh, Karan et al., Electron. Struct., 4, 044004 (2022)
[3] Fransson, Thomas et al., J. Chem. Educ., 100, 1664–1671 (2023)
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Nitric oxide in the endothelium is a critical molecule for regulating vascular function as well as a key 
predictor of endothelial dysfunction [1] which is notorious for being an important contributor to the 
progression of atherosclerosis [2], consequently leading to a variety of complications most notably the 
world’s leading cause of death – Coronary Artery Disease (CAD) or Ischemic heart disease as reported 
by the World Health Organization [3]. Researchers from LOGICLAB (Molecular logic lab-on-a-vesicle for 
intracellular diagnostics) - Innovative Training Network have designed and synthesized a tailor-made 
nitric oxide sensing compound for this purpose. In this presentation, we will shed light on the 
mechanism of this novel Perylene-based logic sensor for the detection of nitric oxide, give insights on 
ways to enhance its efficiency and tackle its use as an annihilator for triplet–triplet annihilation - 
upconversion (TTA-UC). Time-dependent density functional theory (TDDFT) methods are employed to 
decipher the electronic structure of the sensor and the synergy between theory and experiment will 
be demonstrated.  

 

 

 

 

 

 

 

 Fig. 1. Surface-level Mechanism of Nitric Oxide Sensing.  

All calculations were performed at the Wrocław Centre for Networking and Supercomputing (grant No. 
384) and at the Academic Computer Centre TASK in Gdańsk. Further, this project has received funding 
from the European Union’s Horizon 2020 research and innovation programme under the Marie 
Skłodowska-Curie grant agreement No 813920. 

 
[1] Cyr, A. R., Huckaby, L. V., Shiva, S., & Zuckerbraun, B. S. (2020b). Nitric Oxide and Endothelial Dysfunction. Critical Care 
Clinics, 36(2), 307–321. https://doi.org/10.1016/j.ccc.2019.12.009  
[2] Gimbrone, M. A., & García-Cardeña, G. (2016). Endothelial Cell Dysfunction and the Pathobiology of Atherosclerosis. 
Circulation Research, 118(4), 620–636. https://doi.org/10.1161/circresaha.115.306301 
[3] World Health Organization: WHO. (2020). The top 10 causes of death. www.who.int. https://www.who.int/news-
room/fact-sheets/detail/the-top-10-causes-of-death (accessed May 24, 2023) 
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Theoretical calculations based on the Density Functional Theory (DFT) method are a key technique in 
materials research, enabling the prediction of electronic structures and properties at the atomic scale. 
On the other hand, the ARPES (Angle-Resolved Photoemission Spectroscopy) experiment provides 
direct information about the band structure of electrons in a material. Cooperation between these two 
approaches can lead to a deeper understanding of electron behavior in the material under 
investigation. 

Our research shows that combining computational data (DFT and ARPES simulations using Chinook 
software) with analysis of the ARPES experiment leads to better characterization of electron bands in 
the materials under study. We found that there are cases in which theoretical DFT calculations cannot 
explain what we observe in the ARPES experiment and therefore we need to simulate it.  

Our work underscores the importance of using ARPES simulation (in addition to DFT calculations) when 
comparing experimental data with the ARPES technique. We show that cooperation between the two 
approaches can lead to a more complete understanding of the electronic structure of materials, and 
reveal areas that require further research. 

This work was financially supported by the National Science Centre, Poland under projects 
2018/30/E/ST5/00667 and 2018/31/B/ST3/02450. 

The calculations were carried out on the Dutch national e-infrastructure with the support of SURF 
Cooperative (EINF-5312) and on the Hábrók high-performance computing cluster of the University of 
Groningen. 
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The importance of cluster size effects in heterogeneous catalysis has been recognized for some time 
and numerous studies addressed this issue. XPS is an obvious technique to study size-dependent 
changes in the chemical composition and electronic structure of catalyst nanoparticles. However, as 
XPS is an averaging technique based on the detection of electrons, experiments require a narrow 
distribution of cluster size and a conducting homogeneous support in order to avoid sample charging, 
which would prevent accurate measurements of chemical shifts. Traditional methods of catalyst 
synthesis by impregnation/calcination of support powders leads to very large particle size distributions 
(typically ±50 %) and insulating samples, which fail on both the above criteria. Here we present a NAP-
XPS study of Al2O3-supported Pd and Pt-PD nanoparticles under various dry and wet reaction conditions 
for methane oxidation (CH4 + O2 [+ H2O]). The support consists of 5-10 nm thick alumina films 
electrochemically grown on Al foil. The nanoparticles (1 to 10,000 atoms) were produced by gas 
condensation and size-selected within 4-5%. The spectra of the clusters before the reaction show clear 
chemical shifts as function of particle size, see Figure 1. Under dry reaction conditions larger clusters 
tend to oxidize fully (Pd II) whereas smaller particles show a mix of oxidation states (Pd 0-II); the 
situation is less clear under wet conditions. 

 

Fig. 1. Pd 3d spectra for Pd clusters of 55, 147, 10000 atoms and a Pd foil before exposing to the reaction gas. 
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Curved crystalline surfaces allow to compare chemical reactions across a sequence of vicinal crystal 
planes with increasing density of steps, all exposed to the very same reacting conditions. This provides 
essential clues to understand catalytic processes, and, in particular, to reveal the role of 
lowcoordination active sites. Within the present study, we have explored the formation of oxidic 
species across different crystallographic planes of the Au curved crystal and their further behaviour for 
CO oxidation reaction by means of UHV- and NAP-XPS. In order to oxidise gold we have followed three 
approaches: use of atomic oxygen, ozone and activating molecular oxygen by intense X-ray beam of 
the synchrotron. We have observed the formation of oxide at all the studied crystallographic planes, 
both at room and elevated temperatures, upon all applied approaches. Reduction of atomic oxygen 
chemisorbed on gold was revealed already at partial CO pressure of 6×10-9 mbar for all the studied 
surfaces. Our analysis of photoemission intensities of O 1s species implies lower efficiency of the CO 
oxidation reaction at the flat (111) surface compared to the stepped surfaces.  

Support by the BMBF (grant no. 05K19KER) is gratefully acknowledged. We thank Ignacio J. VillarGarcía, 
Virginia Pérez-Dieste, Matus Stredansky and Alexei Preobrajenski for their kind support during the 
beamtimes.  
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One of the major challenges in chemistry is imparting selectivity to a multi-pathway reaction. Slight 
differences in the activation barriers often result in kinetic control over a chemical reaction. A strategy 
to overcome this issue is the development of selective catalysts that promote the reaction toward the 
desired product by functionalizing the surface with organic ligands. Previous works on the 
hydrogenation reaction of acrolein on Pd (111) single crystal show an almost 100% selectivity on the 
formation of the unsaturated propenol. This selectivity arises from a surface oxopropyl-species formed 
by acrolein during the initial stage of the reaction [1]. In our recent study [2], we demonstrated that 
Pd(111) can be functionalized with an acrolein-derived ligand, allyl cyanide, that promotes 
chemoselectivity toward propenol without being dependent on the spontaneous formation of the 
oxopropyl-species by acrolein itself. This was identified by the change in the kinetic of the reaction and 
the spectroscopic identification of both a new reaction intermediate and a stable ligand species [2]. In 
this contribution, a systematic study on hydrogenation of acrolein over ligand-functionalized Pd(111) is 
presented. We employ a combination of surface-sensitive tools along with the molecular beam 
techniques to obtain detailed information on the mechanisms and kinetics of acrolein partial 
hydrogenation to propenol. Specifically, infrared reflection absorption spectroscopy (IRAS) is employed 
to identify and study the evolution of the surface species, including the pre-adsorbed ligands and the 
reaction intermediates, under the reaction conditions. Complementary, their spatial distribution on the 
catalytic surface is monitored by scanning tunneling microscopy (STM). We present the results of the 
hydrogenation of acrolein over three different ligand-functionalized surfaces using spectroscopic and 
microscopic tools. We examine the effect of both geometric and electronic effects on the selective 
hydrogenation of acrolein by inserting different functional groups onto the same acrolein backbone [3]. 
Additionally, we performed experiments on the tunable ligand acetophenone that, depending on the 
adsorption geometry, has a positive (reduction of the induction period) or negative (retardation of the 
induction period) impact on the kinetics of the reaction.  
  
[1] Dostert et al., J. Am. Chem. Soc., 137, 13496−13502 (2015).          
[2] Schröder et al.,  Angew. Chem. Int. Ed. Engl. 60, 16349−16354 (2021).  

[3] Schröder et al.,  J. Phys. Chem. C, 126, 4907−4920 (2022).  

Mon-11:10-O-CAT

101



TPD and IRRAS Investigation of CO Adsorption on Cu(211) and 
Pt/Cu(211) Surfaces 

 
A. Mohammadpour1,2, S. Kaya1,2,* 

 
1 Department of Chemistry, Koç University, 34450 Istanbul, Türkiye, Koç University Tüpraş Energy Center 

(KUTEM), 34450 Istanbul, Türkiye. 
2 Koç University Tüpraş Energy Center (KUTEM), 34450 Istanbul, Türkiye. 

 
*sarpkaya@ku.edu.tr 

 

Platinum, highly active but expensive metal, can be used as a thin layer on a cheaper metal like Cu, and 
its activity can be modified by the thickness dependent structural effects. Another important aspect is 
low coordination sites such as steps on the surface. In this study, Pt deposited on Cu(211) single crystal 
as a model for stepped surfaces at 300 K. Cu(211) consists of (111) terraces three atomic rows wide 
and separated by steps of monoatomic height. The interaction of carbon monoxide with Cu(211) and 
Pt/Cu(211) surfaces was investigated by a combination of infrared reflection absorption spectroscopy 
(IRRAS) and temperature-programmed desorption (TPD) experiments in ultra-high vacuum (UHV). TPD 
results showed two main CO desorption peaks in TPD profiles with a high-temperature TPD peak (~200 
K) corresponding to the CO adsorption on the step on-top sites, and the lower temperature TPD peak 
(~150 K) corresponds to the adsorption on the sites on terraces. TPD and IRRAS measurements on 
Cu(211) suggested that at low CO coverage, the main adsorption site is the step sites. The deposition 
of Pt on Cu(211) surface showed that the binding energies of CO on the Pt/Cu(211) surface depend on 
the Pt coverage. Furthermore, we observed a reduction in the CO desorption temperature from Pt on 
top sites compared to Pt(111) and Pt(211) surfaces. The desorption of CO from step sites shifts to 
higher temperatures with increasing the Pt amount. Also, at low CO coverage, CO tends to adsorb on 
Pt atoms first. We observed a blueshift in CO stretching frequencies from 2028 cm-1 to 2059 cm-1, and 
the CO desorption peak increased from ~352 to 370 K (Fig 1). The observed changes, which could be 
attributed to increased binding energies and alterations in coordination of Pt and Cu atoms, can be 
explained by considering the ligands and/or structural effects. 

 

 

Fig. 1. TPD results after exposing Pt/Cu(211) with different Pt deposition time to 1 L CO at 100 K. (b) CO 
adsorption peak in IRRAS after saturation surface with CO at 100 K and increasing temperature to 300 K. 

 

a) b) 
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Identifying the underlying mechanisms of surface reactions, surface degradation, and stability in 
challenging environments are prime examples of research questions for X-ray photoelectron 
spectroscopy (XPS). Despite remarkable developments of in situ XPS towards high pressures and liquid 
environments, electron spectroscopies in other challenging environments such as plasmas remain 
elusive. The electromagnetic fields and high densities of charged particles are considered a particular 
challenge for reliable electron spectroscopy in plasmas. 
Here, we demonstrate a pathway to probe the evolution of surfaces in plasmas using “Plasma XPS”, 
photoemission from samples placed downstream of a low-density microwave plasma discharge. 
Measurements on thin metal films yield reproducible XPS spectra without artifacts in the tested 
pressure range up to  5×10-3 mbar and provide new insights into the interaction of model catalyst 
surfaces with simple plasmas, such as hydrogen and nitrogen. On the example of Ru, an excellent 
Haber-Bosch catalyst, we demonstrate chemical resolution during in situ exposures to hydrogen and 
nitrogen plasmas, as well as oxygen ions. While oxygen ions (400 eV) result in several nanometers of 
oxide growth at room temperature, we observe the removal of oxidic components and hydroxide 
formation in hydrogen plasma. In N-dominated plasma, N-containing species build up at the Ru surface 
but remain below monolayer coverage even at 5×10-3 mbar, indicating that significant amounts of Ru 
should remain available for catalytic reactions. Further experiments in hydrogen-rich environment will 
shed light on the active surface of Ru during plasma-catalytic interaction with hydrogen and nitrogen.  
Our findings show that Plasma XPS can resolve the formation of new species at surfaces live during 
plasma exposure, demonstrating its promise for studies on plasma catalysis, materials in space 
applications, and surface degradation in plasma environment. 
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Catalysts on reducible oxide supports often change their activity significantly at elevated temperatures 
due to the strong metal-support interaction (SMSI), which induces the formation of an encapsulation 
layer around the noble metal particles. However, the impact of oxidizing and reducing treatments at 
elevated pressures on this encapsulation layer remains controversial, partly due to the ‘pressure gap’ 
between surface science studies and applied catalysis. 

In the present work, we employ near-ambient pressure X-ray photoelectron spectroscopy (NAP-XPS) 
and scanning tunneling microscopy (NAP-STM) to study the effect of reducing and oxidizing 
atmospheres on the SMSI-state of well-defined Pt catalysts on rutile TiO2(110) at pressures from UHV 
up to 1 mbar. On near-stoichiometric samples, we can either selectively oxidize the support or both the 
support and the Pt particles by tuning the O2 pressure [1]. We find that the growth of the encapsulating 
oxide overlayer is inhibited when Pt is in an oxidic state. Our experiments show that the Pt particles 
remain embedded in the support once encapsulation has occurred. Finally, we systematically explore 
how the rate of encapsulation and the stoichiometry of the encapsulating layer depend on the initial 
reduction state of the TiO2 support. 
 
[1] P. Petzoldt et al., J. Phys. Chem. C, 126, 16127 (2022) 
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Advancing green transition and fighting climate change require new chemistry, the development of 
novel catalytic materials, and close interplay between experiments and calculations. Today various 
computational methods are extensively used to understand the properties of catalytic materials and 
the influence of a reaction environment on surface-catalyzed reactions. In this presentation, I will 
discuss a few examples, where we have employed density functional theory calculations alone or 
together with a microkinetic analysis to understand the atomistic details of catalytic reactions and 
potential impact on catalyst development.  

Single atom catalysts form an interesting class of materials, which has shown that miniaturization may 
imply new phenomena like dynamic charge transfer between  isolated metal atoms and a host oxide, 
difficult to verify experimentally. Employing the integrated DFT-microkinetic approach, we have 
explored CO oxidation on Pt1/CeO2 [1]. The left panel of Fig.1 shows turn-over frequency for CO 
oxidation at experimentally relevant reactions conditions. Our results agree with experimentally 
available kinetic data in the literature and demonstrate that turn-over frequency depends on the 
presence or absence of polarons. Computational findings highlight that CO oxidation activity on 
Pt1/CeO2 is tunable via the electronic properties of the oxide support and provides an alternative 
approach for modifying the performance of the low-temperature oxidations in single-atom catalysts.  

Single metal atom-based acid modifiers can also be used to tune acid-base properties of metal 
catalysts. The competitive glycerol conversion to 1,2 propanediol and 1,3 propanediol was explored 
with the DFT calculations [2].  The thermodynamic and kinetic analysis of glycerol dehydration on the 
bare and ReOH-acid modified Rh surfaces show that C-H bond breaking is followed by the C-OH bond 
cleavage, and the experimentally observed preference towards 1,2 propanediol is related to highly 
favorable secondary C-H cleavage. DFT results demonstrate that while ReOH reduces the barrier for a 
C-OH bond breaking step, 1,2 propanediol production is still favored, see Fig.1 right panel.  Stronger 
acid with lower H binding energy could reverse selectivity to desired 1,3 propanediol. Overall, we find 
that the atomic-level understanding of interplay between acid, metal, and studied reaction chemistry 
is needed to guide development efforts on acid catalysis.         

      

 
Fig. 1. Left: Steady state turn-over frequency as a function of temperature at 1 atm pressure and 1:1 CO:O2 

ratio. Right: Potential energy surface for glycerol dehydration on ReOH-Rh(111). 
 
[1] M.M. Kauppinen, N. Daelman, N. Lopez, and K. Honkala Journal of Catalysis 423, 26 (2023) 
[2] V. Korpelin, G. Sahoo, R. Ikonen and K. Honkala Journal of Catalysis 422, 12 (2023) 
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Ionic Liquids (ILs) – low melting salts with melting points typically below 100 °C have promising 
applications in catalysis. Particularly, the Solid Catalyst with Ionic Liquid Layer (SCILL) concept proved 
to enhance the selectivity of hydrogenation reactions, like the selective hydrogenation of 
1,3-butadiene to 1-butene using transition metal catalysts. In this context, the adsorption dynamics of 
1,3-butadiene and 1-butene were studied on Pt(111) modified with ultrathin layers of the IL 
1,3-dimethylimidazolium bis(trifluoromethanesulfonyl)imide ([C1C1Im][Tf2N]). 

We will show sticking coefficient measurements of the two olefins using the direct method of King and 
Wells. Both olefins show pronounced precursor-mediated dynamics on clean Pt(111) and on the IL-
modified surface. Increasing the IL coverage leads to an increased blocking of adsorption sites for the 
incoming olefins. Interestingly, a smaller IL amount is needed to prevent 1-butene adsorption as 
compared to 1,3-butadiene adsorption (see Fig. 1), which we propose to be directly related to the IL’s 
influence on selective hydrogenation in SCILL catalysis. 

With the help of our molecular dynamics simulations, we will show that IL film densification/relaxation 
is the key mechanism to allowing/excluding olefin adsorption on the metal. Being a function of IL 
coverage, the energy of film penetration determines the effective olefin adsorption energy – and thus 
creates an operation regime for suppressing 1-butene while permitting 1,3-butadiene adsorption. 

We acknowledge funding by the Deutsche Forschungsgemeinschaft (DFG, German Research 
Foundation) Project-ID 431791331–SFB 1452 (CLINT, Catalysis at Liquid Interfaces). 

 

 

Fig. 1. In a higher IL coverage regime, 1,3-butadiene adsorption is measurable, while 1-butene adsorption is 
suppressed. Molecular dynamics simulations show that depending on the olefin a different amount of energy is 

required for IL film densification. 
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The oxidation of carbon monoxide is not only playing an important role as model reaction in 
fundamental research of catalysis, but also has practical applications of multiple fields. The catalysts 
that combine Pt with Fe or other transition metals would present better performance, which is still 
lacking the exact or concerted descriptions about active sites and reaction mechanism of CO oxidation 
[1-5]. The surface science studies could be effective to get a better understanding of CO oxidation at 
room temperature. The experimental work was taken in an UHV system with three separate chambers 
of sample preparation, spectroscopy analysis of XPS/UPS/ISS and microscope of STM, at the base 
pressure of 1.0-3.0×10-10 mbar.   

A novel model catalyst of Pt-Fe alloy, designated as FtFe/Fe/Pt(111) in Fig. 1, has been developed for 
CO oxidation at room temperature, which was observed to finish less than 30 minutes in 1.3×10-8 mbar 
O2, by using time-programmed ultraviolet photoelectron spectroscopy (with He II light, 6 L CO 
preadsorbed, shown in Fig. 2). The FtFe/Fe/Pt(111) catalyst could tune the chemical activity of the 
previously reported Ft/Fe/Pt(111) model further with a small amount of surface Fe atoms to enhance 
O2 adsorption selectively. Subsurface Fe atoms in Pt-Fe alloy could weaken the adsorption of both CO 
and O2 significantly by tuning the surface electronic properties, however, a small amount of surface Fe 
atoms would enhance O2 adsorption selectively and make the strength of O2 adsorption become 
moderate. The adsorption strength of CO and O2 have been well balanced on PtFe/Fe/Pt(111) surface 
and made it possible for CO oxidation at room temperature. 
 

 

Fig.1 Structure of PtFe/Fe/Pt(111) surface: a) STM image, 
400 ×400 nm2; b) line profile at the position marked in a) as the 

blue line; c) ISS spectra (inset, schematic drawing of surface 
structure). 

Fig.2 UPS spectra of PtFe/Fe/Pt(111) 
surface (6.0 L CO) being exposed to 

1.3×10-8 mbar O2 gas stream at room 
temperatre (300 K). 

 
[1] Liu, G.; Walsh, A. G.; Zhang, P. J. Phys. Chem. Lett. 2020, 11, 2219-2229. 
[2] Ma, T.; Cao, R.; Bao, X.; Hua, E. b.; Yang, M.; Wang, Y. Appl. Surf. Sci. 2019, 476, 387-390. 
[3] Ma, T.; Jiao, K.; Xu, M.; Wang, Y. Prec. Met. 2019, 40, 1-5,11. 
[4] Wang, Y.; Ma, T. Ind. Catal. 2018, 26, 31-35. 
[5] Ma, T.; Fu, Q.; Su, H.; Liu, H.; Cui, Y.; Wang, Z.; et al. ChemPhysChem 2009, 10, 1013-1016. 
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Carbon monoxide (CO) oxidation to carbon dioxide (CO2) is a complex reaction with profound 
implications for both fundamental understanding and practical applications. The presence of CO and 
its related compounds poses a significant environmental challenge and has a direct impact 
on the development of alternative fuels. For example, excessive CO poisoning of platinum-based 
hydrogen fuel cells results in reduced catalyst efficiency and, ultimately, decay in their electro-
generation performance [1]. Despite intensive investigations over the past decades, this principal 
reaction system is governed by unknown phenomena that have yet to be experimentally backed up.  

Early efforts in spatially- and temporarily- resolved catalysis observations were focused on changes in 
the work function caused by absorbed species. Among the first pioneering techniques was scanning 
LEED (low energy electron diffraction) microscopy [2]. However, these early techniques were limited 
by their spatial resolution and the requirement of a flat surface, contrary to a real 3D catalyst. 
Fortunately, recent advancements in in-situ techniques [3] offer unprecedented opportunities to 
unravel the dynamic evolution of individual substances during catalytic operations and provide deeper 
insights into the underlying mechanisms. In this context, our research focuses on the application of 
advanced in-situ microspectroscopy techniques, including system dual-beam scanning electron 
microscopy (SEM), atomic force microscopy (AFM), and secondary ion mass spectrometry (SIMS). 

We demonstrate that at relatively low pressures, the polycrystalline platinum surface comprises 
of alternating waves of platinum oxide and CO-covered platinum. This spatial- and temporal-
dependent behavior results from adsorption and diffusion mechanisms of gas-phase and temperature-
induced CO oxidation. The underlying factors influencing the catalytic activity include the 
crystallographic orientation of the surface and its possibility to reconstruct to different termination 
rearrangements, sticking coefficients, surface oxide formation, and other hypothesized aspects [4]. By 
integrating these complementary in-situ techniques, we aim to encompass both spatial aspects of the 
reaction, allowing us to track the evolution over time and observe the formation of intermediates and 
reaction products at the nanoscale. Our findings highlight the significant influence that external 
conditions (e.g., temperature, partial pressure) and surface modifications have on the catalytic 
reaction. By modifying the multifaceted platinum surface, we can confine the reaction to specific 
regions on a facet. Furthermore, using AFM within the SEM chamber allows us to correlate probe 
and electron imaging and study the influence of tip-sample interactions on the reaction. Additionally, 
we explore the impact of the selection of illuminating particles, specifically electrons or ions, 
on the dynamics and lifespan of the reaction. Apart from the detection of work function changes, we 
monitor chemical composition in reaction waves by time-of-flight mass spectrometry with high spatial 
resolution.  

We acknowledge CzechNanoLab Research Infrastructure supported by MEYS CR (LM2018110).  

[1] Holton, O. T., Stevenson, J. W., Platinum Metals Rev., 48, 259-271 (2013) 
[2] Lele, T., Lauterbach, J., J Nonlinear Sci, 12, 1, 164-17 (2002) 
[3] Barroo, C. et al., Nat Catal, 3, 30-39 (2020)  
[4] Peng, Y. K., Dawson, P. T., Can. J. Chem., 55, 10, 1658–1666 (1977) 
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The investigation regarding the utilization of atmospheric CO2, and its conversion into useful 
chemicals or fuels is a burning question. To develop the most efficient catalyst for this purpose, it is 
important to know the catalytic behavior of the pure support and the pure metal particles [1].  
Hexagonal boron nitride fiber (h-BNF) is an ideal support for pure metal analysis due to its chemical 
inertness, high thermal stability, and high specific surface area. Furthermore, BNF shows no catalytic 
activity towards the CO2 hydrogenation reaction. In our study, size-controlled (~4.7 ± 0.6 nm) Pt 
nanoparticles were impregnated on BNF, and the resulting catalyst was characterized by different 
surface science techniques and its activity was tested in the CO2 hydrogenation reaction. The activity 
of the h-BN/Pt catalyst is lower than that of the SiO2/Pt catalyst, which is widely used as a reference. 
XPS measurements did not reveal any electronic interaction between the Pt nanoparticles and the 
support. No aggregation of nanoparticles was observed based on TEM measurements. CO adsorption 
and DRIFTS measurements provide evidence that new sites are formed on the nanoparticles, which 
are responsible for the observed low catalytic activity of the Pt nanoparticles. Based on the above, it 
can be concluded that the h-BN structure is an ideal substrate to study the catalytic activity of the 
pure Pt nanoparticles. 

 
 
[1] Ali M. Bahmanpour et al. Applied Catalysis B:Environmental 295 120319 (2021)  
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In this talk, I will present a multi-length scale analysis of hydrotalcite derived Ni-Fe systems with the 
aim to provide a molecular level understanding of the activation/deactivation mechanism and clarify 
the promotion and stabilizing effect of Fe during the methanation reaction. Techniques of interest 
include surface sensitive ambient pressure X-ray photoelectron spectroscopy (APXPS) and near-edge X-
ray absorption fine structure (NEXAFS) spectroscopy, nanoprobe X-ray absorption spectroscopy and 
electron microscopy.  

The dynamics during the thermal process will be compared and contrasted with those observed during 
the electrocatalytic methanation over Cu and Cu-bimetallic systems. 
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Abstract 

The Fischer-Tropsch (FT) process is a catalytic reaction which transforms a feedstock of syngas (CO/H2) 
into liquid hydrocarbons (CxHy).  Syngas can be from diverse sources such as natural gas, biomass and 
more recently solid municipal waste (SMW) into liquid fuels and chemicals, which would otherwise 
ended up as landfill [1]. The key bottleneck preventing further adoption of FT in the energy sector is 
the poor selectivity of the catalysts. Cobalt-based FT catalysts promoted with manganese are 
particularly desirable for FT due to their stability and high selectivity towards production of C5+ 
hydrocarbons and long-chain alcohols, yet the role of Mn and its interaction with Co are still 
uncertain[2,3]. The presence of high Mn promoter loadings (on Co/TiO2) has shown to shift the 
selectivity away from traditional long-chain paraffins to short chain olefinic and long chain (linear) 
alcohol products[2,4,5]. However, the promotion mechanism of Mn is not understood, inhibiting 
further catalyst development. The goal is therefore to develop a better understanding of the dynamic 
nature between the catalyst, promoter and the environment using state-of-art operando/in situ 
characterisation techniques. Conventional XPS, NAP-XPS and Raman spectroscopy have been 
employed to investigate the oxidation state changes and reduction behaviour of Mn doped Co Fischer-
Tropsch catalysts in the high Mn-loading regime (>5%) and a profound change in the structure, 
dispersion and reduction behaviour at high Mn loadings has been observed as shown in figure 1 
(oxidation state changes where Co spinel or Co3O4 reduces to CoO at high Mn doping before heat 
treatment) and figure 2 (Co oxide reduction stages in H2). 

                                      

[1] Mahmoudi, H et al., Biofuels Eng. 2018;2(1)  
[2] Paterson, James et al., ChemCatChem. 2018;10(22).  
[3] Schröder, D et al., Catal Sci Technol. 2020;10(2)  
[4] Pedersen, EØ et al., J Catal. 2018; 361:23-32.  
[5] Paterson, James et al., J Inorg Chem. 2020; 2020(24) 
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Fig.1. XPS spectra displaying the effect of Mn doping on 
cobalt oxidation states before reduction. Y denotes a 
satellite peak after Co 2p3/2 as a key feature for 
Co2+spetrum observed for 5wt and 10wt%Mn doped 
samples, and no satellite is clearly visible for 0wt% & 
2wt%Mn samples. This relates to Co3+ spectrum. 
 
 
 
 

 

Fig.2.Lab source NAP-XPS Co 2p spectra 
showing reduction of the 0% Manganese 
catalyst in H2  from Co3+ - Co2+ - Coo  
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This study explores the influence of Mo ratio on the electrocatalytic properties of CoCuFeNiMnMox 
(0.5, 1.0, and 1.5) high-entropy alloys (HEAs) for water-splitting applications. The structural and 
electrochemical characteristics of these alloys were systematically investigated to elucidate the 
relationship between Mo content and catalytic performance. X-ray diffraction (XRD) analysis revealed 
the presence of both face-centered cubic (FCC) and body-centered cubic (BCC) phases in all samples. 
Rietveld analysis of the XRD patterns indicated a decreasing trend in the BCC phase content and an 
increasing trend in the FCC phase content with decreasing Mo ratio. 

Microstructural analysis confirmed the preservation of a porous structure across all Mo ratios, with 
consistent phase distributions. Hardness measurements revealed that the NiCoCuFeMnMo0.5 alloy 
exhibited the highest hardness among the tested compositions. Furthermore, linear sweep 
voltammetry experiments were conducted to assess the electrocatalytic activity of the alloys for the 
oxygen evolution reaction (OER) and the hydrogen evolution reaction (HER). 

Remarkably, the results demonstrated that the sample with the lowest Mo ratio exhibited the highest 
electrocatalytic activity for both OER and HER. Specifically, the NiCoCuFeMnMo1.5 alloy exhibited 
superior HER performance, while the NiCoCuFeMnMo0.5 alloy showed exceptional OER activity. These 
findings highlight the significance of Mo ratio optimization in tailoring the catalytic properties of HEAs 
for water-splitting applications. 

Overall, this investigation sheds light on the relationship between Mo ratio and electrocatalytic 
performance in CoCuFeNiMnMox high-entropy alloys, providing valuable insights for the design and 
development of efficient electrocatalysts for sustainable energy conversion processes. 

 

Tue-11:30-O-CAT

112



Green Hydrogen Production via Steam Reforming of Light 
Alcohols on Ni-Cu Based Catalysts  

  

M. Natália D.S. Cordeiro1, J.L.C. Fajín1  
  

1LAQV@REQUIMTE, Department of Chemistry and Biochemistry, Faculty of Sciences, University of 

Porto, P-4169-007 Porto, Portugal   

  
Email: ncordeir@fc.up.pt   

Fuel Cells (FCs) efficiently convert fuel into electricity, making them a promising alternative to thermal 
engines, particularly in the transportation sector. To be environmentally friendly, FCs must use 
renewable fuels obtained through green processes [1].  

Hydrogen, with its high energy-density-to-mass ratio, is the primary fuel for FCs and can be produced 
renewably through water electrolysis or the reforming of light alcohols derived from biomass [1].  

In this communication, we move a step forward and present results of periodic Density Functional 
Theory (DFT) calculations that elucidate the complete reaction mechanism for the methanol steam 
reforming (MSR) on a cost-effective Ni-Cu catalyst. The most plausible routes for products formation 
were identified, specifically highlighting desirable CO2 and H2 formation while considering undesired 
by-products such as CO, coke, or CH4 [2].   

Our findings demonstrate that MSR primarily occurs on the Ni-Cu catalyst through methanol 
decomposition on the catalytic surface, followed by the water gas shift (WGS) reaction. The WGS 
reaction converts the CO generated from methanol decomposition into CO2 and H2. Direct formation 
of CO2 from methanol is a minor route, occurring predominantly on specific combed surfaces within 
the catalyst. Furthermore, the presence of a bimetallic Ni-Cu alloy effectively suppresses the production 
of undesirable methane, CO, and coke.  

These DFT results pave the way for a more comprehensive theoretical understanding of key MSR 
mechanisms and can contribute to the rational development of Ni-Cu-based catalysts for hydrogen 
production.  

This work received financial support from FCT - Fundação para a Ciência e Tecnologia through funding 
for the project PTDC/QUI-QIN/30649/2017 (REALM). The authors would like to thank also the FCT 
support to LAQV-REQUIMTE (UID/QUI/50006/2020). JLCF thanks FCT for funding into framework of 
Norma Transitória - DL 57/2016/CP1346/0019).   

  
[1] Fuel cells. U.S. Department of Energy; Office of Energy Efficiency & Renewable Energy, 2021.  

[2] J.L.C. Fajín, M. Natália D. S. Cordeiro, ACS Catalysis, 12, 512-526 (2022).  
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Introduction. Hydrogen is considered as one future energy vector due to its high mass energy density. 
However, its low energy density by volume (8 MJ.L-1) makes it difficult to store and distribute. Hydrogen 
carriers, able of absorbing and releasing it through different chemical reactions, can be used to densify 
it. Ammonia is a promising decarbonated carrier of hydrogen, due to its high hydrogen mass fraction 
(17.8 wt%) and its easy liquefaction.[1] However, the required high pressure and high temperature, for 
synthesis and decomposition, affects the overall energetic efficiency of the storage process. In this 
work, we are interested in the catalyzed decomposition reaction of ammonia aiming to regenerate 
hydrogen. Ruthenium, one of the reference metal catalysts for working in milder conditions, cannot be 
considered on an industrial scale because of its high cost and limited abundance. Other catalytic 
systems, such as alkali or alkaline-earth metal amides, present competitive catalytic performance with 
minimal cost. In particular, lithium amide (LiNH2) when coupled with other transition metals (TM). [2] 
From a joint experimental and theoretical investigation of LiNH2 – TM based catalytic systems, we 
propose to address this difficult question of understanding and improving the efficiency of these 
catalytic systems.  

Results and discussion. From the experimental standpoint, synthesis, characterization and catalytic 
performance are currently examined. In parallel, density functional theory calculations are performed 
to model Ru(0001)/LiNH2(001) interfaces. The solid-solid contact helps to stabilize both materials. 
Ru(0001) thermodynamic termination interacts preferably with NH2 molecular planes in LiNH2 
materials. A thinner LiNH2 slab will exhibit a larger ability to adapt to the Ru surface, thus minimizing 
the cost of the crystalline mismatch. The most stable system is obtained when the terminal plane of 
LiNH2(001), opposite to the contact with Ru, is reconstructed with a 180° rotation of NH2 fragments 
(pointing now towards vacuum) around the axis perpendicular to the Ru/LiNH2 interface. [3] Based on 
this theoretical study, the catalytic mechanism is currently being examined, in particular to determine 
the main surface intermediates of this complex reaction mechanism.  

Fig. 1. Lateral views of the most stable Ru(0001)/LiNH2(001) optimized, base of the model for the study of the  

catalytic activity  

[1] C. H. Christensen et al., Catal Today, 111, 140-144 (2006)  

[2] J. Guo et al., Angew. Chem. Int. Ed Engl, 54, 2950-2954 (2015)  

[3] ] J. Dorival, J. Delmas and D. Loffreda, submitted J. Phys. Chem. C (2023)  
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The adsorbate-induced surface reconstruction might critically determine catalytic activity by altering 
the morphology of the active sites. In this study, we focus on the influence of CO adsorption upon the 
formation of Cu clusters on the Cu(111) surface as has been observed by high-pressure scanning 
tunneling microscopy (HPSTM) [1]. A set of molecular dynamics (MD) simulations driven by machine-
learning force-field has been performed to elucidate the mechanism of the cluster formation at the 
atomic level. The reliability of the force-field is ensured not only in terms of the error in the prediction 
of atomic forces and energy barriers, but also in terms of experimentally measurable quantities such 
as mean-squared displacement, desorption-rate, and adsorption geometries of Cu-CO systems.  

The simulations at 450 K to 550 K show clusters are formed within a hundred of ns when the Cu surface 
is exposed with CO while no cluster is observed on the clean Cu surface even at 550 K. The statistics of 
the number and the lifetimes of the clusters at 550 K is shown in (Fig. 1). The clusters can be formed 
directly through instantaneous detachment of a group of step-atoms or indirectly by agglomeration of 
wandering Cu monomers on the surface terrace. Set of NEB calculation has been performed to confirm 
the adsorption of CO promotes the detachment of Cu step-atoms by lowering the detachment barrier. 
The influence of temperature to the formation of cluster has also been investigated. CO-decorated Cu 
clusters ranging from dimer to hexamer are detected within a hundred of ns at 450 K. Lowering the 
temperature to 350 K doesn’t result in the formation of clusters due to the scarce detachment of 
adatom while raising the temperature results in the formation of bigger clusters but with lower lifetime. 

 

 
Fig. 1. (a) Plot of number of clusters detected within 100 ns of simulation at 550 K. (b) The histogram of the 

clusters’ lifetime in the simulation at 550 K. 
 
 
[1] Eren, B. et al., Science, 6273, 475-478 (2016) 
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The large majority of all surface sensitive in situ experiments of catalyst surfaces correlate the 
observed majority phase on the surface with observed activity without considering highly active 
minority phases, since such phases currently are difficult/impossible to detect. In this presentation 
we will present a new methodology that selectively probe phases that oscillate on the surface and 
link this to oscillations observed in the gas phase, while spectator species on the surface and in the 
gas phase are filtered away. In short, the new methodology is based on ambient pressure x-ray 
photoelectron spectroscopy combined with rapid gas composition – or temperature oscillations and 
fast Fourier transformation of the data, all of which we will discuss in detail.  

As case studies we will focus on CO oxidation on two different catalyst surfaces: Pd(100) and 
Pt25Rh75(100). For the Pd(100) system we used the new methodology to study CO pulses injected 
every 5 second into a CO:O2 carrier gas mixture combined with 70 Hz spectra acquisition. With this 
experimental setup we will demonstrate that we can establish parameters such that CO with varying 
coverage is present on the surface and correlate this to catalytic function. For illustration figure 1(a) 
shows an image plot of C 1s raw spectra recorded with 70 Hz, figure 1(b) shows the Fourier 
transformed spectra, while figure 1(c) finally shows the treated spectra with the new methodology. 
For the Pt25Rh75(100) system we used temperature oscillations instead of gas pulses to study the CO 
oxidation reaction. For this system we will demonstrate how the new methodology can be used to 
identify short-lived components in the Rh 3d and Pt 4f spectra assigned to the metallic clean surface 
and discuss how this relate to catalyst function. 
 

 

Figure 1: (a) image plots of C 1s raw spectra recorded with 70 Hz for a Pd(100) surface exposed to CO pulses 
every 5 seconds injected into a CO:O2 carrier gas at 533 K at mbar pressures. A single spectrum along the red 
dotted line is shown with dark blue color (b) Fourier transformed spectra from panel a. The arrow marks the 

oscillating signal (c) Final treated time-resolved spectra with the new methodology. A single spectrum along the 
red dotted line is shown with dark blue color. 

Tue-14:40-O-CAT

116



An STM investigation on the CO2 activation and conversion on 
Au/MgO(001) ultrathin film 

 
F. Presel1, H.-J. Freund2, M. Sterrer1 

 
1 University of Graz, Institut für Physik, Universitätsplatz 5, 8010 Graz, Austria 

2 Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany 
 

francesco.presel@uni-graz.at 

 

Finding a way to react CO2 back into useful chemicals and fuels would represent a major breakthrough 
in fighting climate change [1,2]. In previous research [3], we have shown that a layered system 
consisting of single-layer Au nanoislands on an ultrathin Ag(001)-supported epitaxial MgO film can 
catalyze the activation of CO2 to oxalate (CO2)2- — a stable intermediate for many chemicals and 
synthetic fuels —even below room temperature. However, the active site for the reaction, as well as 
the role of the islands and of the substrate, have yet to be pinpointed. 

In this work, we investigate this system with STM before and after exposure to reaction condition [3], 
with the aim of observing the reaction product on the surface. Our experiments have indeed identified 
an adsorbate species with a characteristic asymmetric appearance, shown in Figure 1a, which was only 
observed in presence of single-layer thickness Au islands after exposure to CO2 at 200-300 K. 

Most surprising, however, was that this species was not located beside the Au islands, despite them 
being fundamental for the reaction. As the adsorbate species is not mobile on the surface, this indicates 
that the CO2 to oxalate reaction is not a simple process occurring on or around the islands, as we 
expected: instead, it suggests that a more complex process takes place, with an electron first tunnelling 
through the MgO tunnel barrier into the gold, and then diffusing over MgO into a CO2 molecule. 

This was confirmed by our measurements on a physisorbed CO2 layer on the MgO/Ag(001) epitaxial 
layer, where the application of localized voltage pulses induced charge-activated desorption and 
dissociation [4] across several tens of nm, as shown in Figure 1b-c. 

These results provide important insight on this promising catalyst, highlighting the importance of the 
combined role of the Au islands and the MgO substrate in the CO2 activation and reaction. 

 

Fig. 1. a: Image of Au/MgO/Ag(001) after CO2 exposure. One molecule of the reaction product is highlighted. b: 
Appearance of CO2 on MgO/Ag(001) before and c: after a voltage pulse applied in the highlighted region in b. 

 
[1] Peter, ACS Energy Lett., 3, 1557–1561 (2018). 
[2] Seh, Kibsgaard, et al., Science, 355, eaad4998 (2017). 
[3] Calaza, Stiehler, et al., Angew. Chem. Int. Ed., 54, 12484-12487 (2015). 
[4] Kedzierski, Hein, et al., Can. J. Phys., 91, 1044-1048 (2013). 
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Perovskite surfaces attract increasing attention in the catalysis community due to these materials’ 

promising chemical properties, good ability to separate electron-hole pairs in light harvesting, and the 

presence of ferroelectricity in many perovskites [1]. While perovskites possess a unique set of 

interesting bulk properties, their surfaces are much less understood; the main open questions are their 

structural stability and associated chemical reactivity and catalytic selectivity.   

This presentation will focus on the atomic structure of doped 𝐾𝑇𝑎𝑂3 − (001) and 𝑆𝑟𝑇𝑖𝑂3 − (001) 

perovskite surfaces and the potential to modify their catalytic activity by extrinsic metals, with the 

main focus on cobalt. I will demonstrate the implementation of combined STM/AFM measurements 

along with XPS chemical analysis to show the thermal stability and the tendency of the guest atoms to 

disperse in the form of single adatoms on the polarity uncompensated   

𝐾𝑇𝑎𝑂3-(001) [2] and 𝑆𝑟𝑇𝑖𝑂3-(001) surfaces. The interaction of cobalt with surfaces under various 

reducing and oxidizing conditions, as well as temperature evolution of absorbed species, will be 

highlighted. This sheds light on how cobalt's metallic, oxide, and hydroxide phases vary depending on 

the environment, which is of utmost importance for the realisation of single atom catalysis in 

perovskite oxides.   

 

[1] Cohen, Ronald E.  Nature 358.6382 (1992)   
[2] M. Setvin, M. Reticcioli, F. Poelzleitner et al., Science 359, 572 (2018)   
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Carbon dioxide (CO2) chemistry has attracted an increasing interest in recent years, motivated by the 
carbon-neutral fuel cycle. However, CO2 is highly inert and the activation of CO2 is difficult and costly. 
Many research works have evidenced the crucial role of alkali metal cations on the activation and 
conversion of CO2. One of the key reasons is that the metal cations at the interface could stabilize the 
reaction intermediates, but the atomic-scale characterization of metal-CO2 complexes during CO2 
activation is lacking.  

Using qPlus based noncontact atomic force microscopy (nc-AFM), we directly visualized the atomic 

structure of isolated CO2 molecule on Cu(110)-(2ⅹ1)-O surface. Then we explored how the alkali 
cations on copper surfaces activate carbon dioxide molecules. At the initial step, we observed the 
aggregation of alkali cations to stabilize the activated bending CO2 molecule through cation coupled 
electron transfer on both Cu(111) and Cu(100) surfaces. More interestingly, the activated CO2 molecules 
could further transform into oxalate through carbon-carbon coupling on Cu(100) surface, in which the 
oxalate ions are stabilized by alkali cation tetramers.  Increasing the pressure of carbon dioxide, 2D alkali 
carbonate films formed on Cu(111) due to the disproportionation reaction between CO2 molecules. Our 
findings directly visualized the promoting role of alkali cations on the activation of carbon dioxide on 
copper and revealed the electron transfer mechanism.  
  

  
Fig. 1. High resolution AFM images of CO2 molecules on Cu(110)-(2ⅹ1)-O surface.  
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The interface between a charged metal and an aqueous electrolyte is the most commonly studied 

junction in electrochemical surface science, as its properties determine the reactivity of many systems 

relevant for technological applications. More specifically, in the electrocatalytic conversion of energy, 

the activity, selectivity and efficiency are determined by the charge transfer between electrolyte and 

electrode, which is governed by the interfacial properties of the system investigated. Hence, a 

fundamental understanding of the interplay between applied potential and surface/interface 

properties is pivotal to further advance in energy conversion and storage technology, as well as in 

electrocatalysis, in general.  

CO is a key intermediate in the electro-oxidation of energy carrying fuels. Single-crystal Cu[1] and Au[2] 

model catalysts can efficiently electro-oxidize CO in alkaline media, where strong surface structural 

changes are observed under reaction conditions. We have shown that the concomitant presence of 

high-energy undercoordinated Cu structures at the surface is a prerequisite for its high activity. The CO 

electro-reduction and the hydrogen evolution reaction (HER) are found to proceed on strongly 

reconstructed surfaces as well, which was studied with bare and modified Cu single-crystal electrodes 

in alkaline media.[3]   

The changes of the interface properties of electrode surfaces are intimately related to the electric field 

at the solid/liquid interface and to their electrocatalytic activity. This talk will discuss all these interfacial 

aspects, analyzed with a combination of in-situ analytics, with view on the electrocatalytic reactivity 

towards CO and water activation at (modified) copper (Cu) and gold (Au) electrodes. The interfacial 

changes are  tracked in-situ, with   analytical focus on electrochemical scanning tunneling microscopy 

(EC-STM), and lab-based electrochemical Xray photoelectron spectroscopy (EC-XPS, see Fig. 1) to 

monitor the structure and chemistry of the electrified interface during the reactions.  

Fig. 1. EC-XPS cell. [4]. 

 
[1] A. Auer, M. Andersen, E.M. Wernig, N.G. Hörmann, N. Buller, K. Reuter, J. KunzeLiebhäuser, Nature Catal. 3, 797 (2020).  

[2] H. Kita, H. Nakajima, and K. Hayashi, J. Electroanal. Chem., 190, 141 (1985).  

[3] A. Auer, F.J. Sarabia, D. Winkler, C. Griesser, V. Climent, J.M. Feliu, J. Kunze-Liebhäuser, ACS Catal. 11, 10324 (2021).  

[4] C. Griesser, D. Winkler, T. Moser, L. Haug, M. Thaler, E. Portenkirchner, B. Klötzer, S. DiazCoello, E. Pastor, J. Kunze Liebhäuser, 

Electrochem. Sci. Adv. (2023) e2300007.  
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In heterogeneous catalysis, ionic liquids (ILs) are used as chemical modifiers to control selectivity. In 
our work, we aim to apply the same concept to electrocatalytic systems.  

As a model reaction, we studied the electrooxidation of 2,3-butanediol on the low-index Pt(111), 
Pt(100) and Pt(110) surfaces in an acidic environment. We modified the surfaces with the IL 1-ethyl-
3methylimidazolium trifluoromethanesulfonate ([C2C1Im][OTf]) dissolved in the aqueous electrolyte. 
The reaction mechanisms on the different surfaces were studied by electrochemical infrared reflection 
absorption spectroscopy (EC-IRRAS) in combination with density functional theory (DFT).   

The oxidation of 2,3-butanediol is highly structure dependent. On Pt(111), the oxidation occurs in two 
steps, forming acetoin as an intermediate and diacetyl as the final product. On Pt(110), only the first 
oxidation step takes place, forming acetoin as the final product. No adsorbed COads is formed during 
the reaction on either surface. On Pt(100), the final product is acetoin. However, adsorbed COads is 
formed, which acts as a catalyst poison. On Pt(111), already low concentrations of IL (0.001 M) shift 
the selectivity towards acetoin from 19% to 56%.[1] We propose that the potential dependent 
coadsorption of the [OTf]- anion suppresses the adsorption of OH species required for oxidation in the 
potential region of the second oxidation step. On the Pt(100) surface, IL suppresses the formation of 
poisoning COads while the surface remains active for the target reaction.[2] Our results demonstrate 
the potential of ILs to control selectivity in electrocatalytic reactions.  
  
[1]  T. Yang, J. Yang, X. Deng, E. Franz, L. Fromm, N. Taccardi, Z. Liu, A. Görling, P. Wasserscheid, O.  
Brummel, J. Libuda, Angewandte Chemie International Edition, 61, e202202957 (2022).  
[2]  J. Yang, E. Franz, L. Fromm, N. Taccardi, A. Görling, P. Wasserscheid, O. Brummel, J. Libuda, in preparation.  
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According to the recently announced Green Deal, hydrogen-fueled proton-exchange membrane fuel 

cells (PEMFCs) are expected to become one of the pillars of a future sustainable green-energy system. 
To date, the main limitations hindering the vast commercialization of such fuel cells reside on its 
cathode side, where a sluggish oxygen reduction reaction (ORR) takes place [1]. Because of that, PEMFC 
cathode requires a large amount of expensive platinum catalyst, which moreover operates under an 
aggressive corrosive environment. Therefore, recent research efforts have been focused on improving 
cost-efficiency and/or stability of ORR catalysts. While the majority of studies focus on improving cost-
efficiency of platinum catalyst by preparing various platinum-based alloys [2], significantly less 
attention is devoted to improving its stability. 

Herein, we report a study of Pt–Au alloys with different compositions (Pt95Au05, Pt90Au10, Pt80Au20) 
prepared using a magnetron sputtering technique [3]. The promising stability improvement of the Pt–
Au catalysts, manifested in suppressed Pt dissolution with increasing Au content, was documented over 
an extended potential range up to 1.5 VRHE. On the other hand, at elevated concentrations, Au showed 
a detrimental effect on ORR activity. A systematic study involving complementary characterization 
techniques, electrochemistry, and Monte Carlo simulations based on density functional theory data 
enabled us to gain a comprehensive understanding of the composition–activity–stability relationship 
to find an optimal Pt–Au alloying for maintaining the activity of platinum and improving its resistance 
to dissolution. According to the results, Pt–Au alloy with 10% gold represents the most promising 
composition retaining the activity of monometallic Pt while suppressing Pt dissolution by 50 % at the 
upper potential limit of 1.2 VRHE and by 20 % at devastating 1.5 VRHE. 

The work was financially supported the Czech Science Foundation, project No. 22-03643S. 
 

[1] J. K. Nørskov, J. Rossmeisl, A. Logadottir, L. Lindqvist, J.R. Kitchin, T. Bligaard, H. Jónsson, J. Phys. Chem. B, 108, 17886 (2004) 
[2] L. Huang, S. Zaman, X. Tian, Z. Wang, W. Fang, B.Y. Xia, Acc. Chem. Res., 54, 311 (2021) 
[3] X. Xie, V. Briega-Martos, R. Farris, M. Vorokhta, M. Dopita, T. Skála, I. Matolínová, K.M. Neyman, S. Cherevko,  
I. Khalakhan, ACS Appl. Mater. Interfaces, 15, 1192 (2023) 
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Electrocatalytic oxygen evolution/reduction reaction (OER/ORR) are crucial for efficient energy storage 
and conversion in future energy systems [1]. However, the development of materials that are highly 
active, cost-efficient, and stable for OER/ORR remains an ongoing challenge. Heteroatom-doped 
carbon-based materials are interesting as a plethora of different coordination environments can be 
realized for transition metals inside a carbon matrix [2]. Among these, the M-N4 coordination (where 
the metal is bound by 4 N atoms) has been predicted by density functional theory to exhibit superior 
performance for OER/ORR [3]. Porphyrins, which inherently possess an N4 site capable of coordinating 
a metal atom, serve as an ideal model system for investigating the performance of different transition 
metals under OER/ORR conditions [4]. However, a previous study [5] demonstrated that singly 
adsorbed porphyrins degrade and desorb during OER at alkaline conditions.  

To address the stability issue, we hypothesize that covalently binding the porphyrins will improve the 
stability of the formed porphyrin network compared to physisorbed porphyrins. Through an on-surface 
Ullmann coupling, we have formed a covalent monolayer of porphyrins on Au(111). Subsequently, we 
deposited the desired metal (e.g., Co, Ni, or a mix) into the N4 coordination site of the porphyrins. The 
structures have been studied extensively using scanning tunneling microscopy (STM) and X-ray 
photoelectron spectroscopy. Electrochemical (EC) measurements have been performed in our home-
built UHV-compatible EC chamber to prevent contamination from the air [6]. By comparing EC 
measurements for different metals or metal combinations, we can identify reactivity trends and 
potential synergy effects arising from the presence of various metals. Importantly, the setup allows us 
to characterize the structures before and after EC and reveal if/how the M-porphyrin networks change 
chemically under different potentials. 

 

 

 

 

 

 

 

 

 

 

[1] Jiangtian Li, Nano-Micro Letters,  14, 112 (2022)  

[2] Rambabu Gutru et al., International Journal of Hydrogen Energy, 9, 3593, (2023) 

[3] Michael Busch et al., Nano Energy, 29, 126 (2016) 

[4] Zuozhong Liang et al., Chem Soc Rev, 50, 2540 (2021) 

[5] Quentin Daniel et al., ACS Catalysis, 7, 1143 (2017) 

[6] Zhaozong Sun et al., Review of Scientific Instruments, 92, 094101 (2021) 

a 

b 
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Fig. 1. STM images of a) empty porphyrin network (30 x 15 nm) and b) Co-porphyrin network (10 x 20 nm).  
c) Linear sweep voltammetry of different M-porphyrins. Scanning conditions: a) It = 0.20 nA, Vt = 680 mV. 

b) It = 0.27 nA, Vt = 160 mV. 
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Fundamental understanding of processes at the electrode-electrolyte interface is crucial to develop 
optimized materials for sustainable energy production. In this talk, I will present two examples 
highlighting the importance of atomistic studies on model catalytic surfaces to reveal structure-
function relationships in electrocatalytic systems. 

First, I will introduce our customized experimental setup, which enables comprehensive structural, 
chemical, and electrochemical characterization on the same sample. This setup facilitates the transfer 
of the electrode from an ultra-high vacuum, suitable for surface science tools, to an electrochemical 
cell in inert atmosphere. Using this approach, we investigated potential-induced changes on Au(111) 
surfaces in acidic media. Chemical changes were monitored using ex-situ X-ray photoemission 
spectroscopy, providing insights into its electrochemical response, including oxide formation at the 
onset of the oxygen evolution reaction. Furthermore, we discuss the impact of different electrolyte 
anions on surface electro-oxidation. 

Secondly, I will provide an overview of the local properties of point defects in transition metal 
dichalcogenides semiconductors (MX2, M=transition metal, X=chalcogen), proposed as active sites for 
the hydrogen evolution reaction. Employing 4K scanning tunneling microscopy, spectroscopy, and non-
contact atomic force microscopy, we achieved atomic-scale correlation between morphology and 
electronic properties of various types of structural defects in MoSe2 and WS2 monolayers. Our 
investigations revealed that substitutional oxygen, which suppresses deep in-gap states associated with 
chalcogen vacancies, predominates as the point defect in these semiconductors [1, 2]. These findings 
unveil the crucial role of local properties in determining the material's functionality for hydrogen 
production, which eventually govern the actual reaction mechanism. 

 
 
[1] Barja et al., Nat. Comm. 10, 3382 (2019) 
[2] Schuler et al., PRL 123, 076801 (2019) 
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Ni-based alloys are known for their excellent mechanical properties and corrosion resistance and are 
used in many demanding industrial environments. Ni is commonly alloyed with Cr and Mo, where Cr is 
known to improve the corrosion resistance due to the formation of a Cr2O3 oxide film on the surface, 
while the role of Mo is debated. Due to the amorphous nature of the protective film, the structural and 
chemical changes during corrosion are notoriously difficult to study using standard surface science 
techniques. Moreover, commonly used electrochemical techniques for studying passivity breakdown 
may not be applicable to Ni-Cr-Mo alloys since the measured electrochemical current is not only due 
to corrosion reactions [1]. Ni and Mo are good catalysts for the Oxygen Evolution Reaction (OER) [2, 3], 
which is known to be coupled with dissolution and degradation [4]. A fundamental understanding is 
missing regarding how the chemistry and structure of the passive film on Ni-Cr-Mo alloys evolve in 
realistic aqueous conditions and how that correlates with the onset of dissolution, which determines 
the breakdown of passivity.  

Here we present a comprehensive study combing several techniques to study the surface region of a 
Ni-Cr-Mo alloy in NaCl solutions in situ during electrochemical polarization. XRR and AP-XPS were used 
to investigate the thickness and chemistry of the passive film. GI-XRD was used to determine the 
change in the metal lattice underneath the passive film. XRF was used to quantify the dissolution of 
alloying elements. X-ray Absorption Near Edge Structure (XANES) was used to study the chemical state 
of the dissolved species in the electrolyte and the chemical state of corrosion products formed on the 
surface.  

Growth of the passive film and enrichment of Mo6+ oxide was observed in the passive range below 800 
mV vs Ag/AgCl, followed by a drastic increase in the electrochemical current coupled with the 
formation of a thick hydrous film of MoO3, and Cr(OH)3, as seen from the AP-XPS data in Figure 1 b). 
The current increase at potentials above 800 mV vs Ag/AgCl coincided with the dissolution of Ni2+, Cr3+, 
and Mo6+. Quantitative analysis revealed that a substantial part of the measured current was due to 
oxygen evolution. The experimental techniques and the unique information they provide will be 
discussed, as well as the role of OER on the passivity breakdown of the Ni-Cr-Mo alloy. 
 
[1] Bettini, E., C. Leygraf, and J. Pan, Nature of current increase for a CoCrMo Alloy: "transpassive" dissolution vs. water oxidation 
Int. J. Electrochem. Sci., 8 11791 (2013). 
[2] Liao, H., et al., Dynamic dissolution and re-adsorption of molybdate ion in iron incorporated nickel-molybdenum 
oxyhydroxide for promoting oxygen evolution reaction. Appl. Catal. B., 307 121150 (2022). 
[3] Man, I.C., et al., Universality in oxygen evolution electrocatalysis on oxide surfaces. ChemCatChem 3 1159 (2011). 
[4] Lončar, A., et al., Inter-relationships between oxygen evolution and iridium dissolution mechanisms. Angew. Chem. Int. Ed., 
61 e202114437 (2022). 
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Electrochemical cells are based on the fundamental process of ion motion and accumulation on 
surfaces. A complex interplay of molecular properties of ions and cell dimensions control the entire 
process and determine the overall dynamics of the system. Although traditionally X-ray photoelectron 
spectroscopy (XPS) operates at high vacuum, it has also been utilized for investigation of the 
vacuum/liquid and liquid/solid interfaces, since almost its introduction. In this chapter, we briefly 
summarize historical developments of the technique for the characterization of liquid interfaces by 
showcasing some exemplary case studies from the published literature. We, then, present our work on 
electrified solid/liquid interfaces of electrochemical cells using liquids with sufficiently low volatility. 
Such procedure reveals localized electrical potential developments, through binding energy shifts of 
the atomic core levels, in a chemically specific fashion. Combining it with impedance like Square-Wave 
AC electrical potential modulation, the information can be extended to the time domain for 
investigating ionic liquid based electrochemical cells configured as coplanar capacitors in 
macrodimensions. Through our analysis, the nonlinear time-resolved voltage profiles across the cell 
emerge as spatially nonuniform electrical double layer formation on electrode surfaces. The coplanar 
capacitor has extremely slow time response, which is mostly controlled by IL film thickness. XPS 
measurements capture the ion dynamics in tens of seconds to microseconds range, and reveal that 
ionic motion is all over the device, including those on metallic electrode regions. Such a behavior can 
only be attributed to motion in more than one dimension. The ion dynamics can also be simulated by 
using a modified PNP equation, only after taking into account steric effects, and device dimensions. 
Measurements on two devices with different dimensions corroborated with and validated the 
simulation results.1    

  
Fig. 1. XPS data recorded under impedance like AC electrical potential allow extracting dynamics of non-faradaic 
processes   

[1] Merve Taner Camci, Pinar Aydogan Gokturk, Mustafa Başaran, Burak Ulgut, Askin Kocabas, Coskun Kocabas, Sefik Süzer.,   
Chapter in Encyclopedia of  Solid-Liquid Interfaces, Volume 8, 80026. https://doi.org/10.1016/B978-0-323-85669-0.00097-0  
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We report asymmetric electrowetting of [EMIM][FSI] ionic liquid on HOPG surface evidenced by the in 
situ electrochemical XPS analysis and confirmed by in situ SEM imaging and ex situ  AFM imaging. The 
latter was performed under atmospheric pressure. The IL films were prepared via physical vapor 
deposition. Uncommon open design of the IL/electrode electrochemical system -with a macroscopic IL 
droplet (~ 1 mm) acted as a counter contact to the ultrathin ionic liquid film- allowed to perform in situ 
electrochemical XPS with lateral space resolution.  

At positive electrode potential the IL film undergoes transition from the “drop-on-layer” structure to 
the flat top layered structure and reversibly recovers the initial “drop-on-layer” structure upon 
switching back to cathodic polarization. The morphological transitions occur on the time scale of 
~1030min depending on the IL film thickness. Potential profile across the IL film on the nm scale can be 
inferred by mapping electrochemical shifts of the IL related XPS lines with lateral resolution along the 
IL film.  Gauging potential distribution across the ionic-liquid/electrode interface is the indispensable 
tool to gain knowledge on the charge storage mechanisms in the electrical energy storage systems and 
about the forces controlling the basic functions of the microfluidics and lab-onchip systems: droplet 
splitting, mixing, and dispensing.   

+ V 1.5 

IL 
CE 

AC 

1 2 3 

Thu-15:20-O-ECH

130



Electrochemical Methods for the Synthesis of Nanostructured 
Semiconductors – Recent Advances, Challenges and 

Perspectives 
 

L. Zaraska1, K. Syrek, M. Gurgul, O. Tynkevych 
 

1 Jagiellonian University, Faculty of Chemistry, Department of Physical Chemistry and Electrochemistry 
Gronostajowa 2, 30-387 Krakow, Poland 

leszek.zaraska@uj.edu.pl, zaraska@chemia.uj.edu.pl 

Among many different strategies that have been already employed for the fabrication of 
semiconducting oxides, electrochemical methods (both anodic and cathodic) have attracted 
considerable attention due to their relative simplicity, low cost, and the possibility to control (to some 
extent) the morphology and composition of the synthesized material by adjusting conditions applied 
during the procedure. 

Therefore, this presentation aims to give a brief overview of our most recent achievements in the 
formation of various nanostructured semiconductors (e.g., SnO2 [1–3], ZnO [4], Cu2O [5], and others 
[6]) via both, anodic oxidation of metals or alloys [1, 2, 4, 6] as well as cathodic deposition [3, 5]. A 
special emphasis will be put on the synthesis of semiconductors with precisely designed, complex 
geometries at the nanoscale, strategies of modifications, properties, and possible applications, 
especially in photoelectrochemistry and photocatalysis. 

This work was partially supported by the National Science Centre, Poland (project no. 
2018/30/E/ST5/00531) and by the Polish Ministry of Education and Science from budget funds for 
science in the years 2018–2022 as research project no. 0196/DIA/2018/47 under the “Diamond Grant” 
program. 

 

Fig. 1. FE-SEM images of anodically formed nanoporous SnOx with segments of different channels diameter (a, 
b), nanostructured ZnO film synthesized by anodic oxidation in NaOH (c, d) hierarchical SnOx formed by 

anodization of Sn in NaOH (e), and ZnO nanowires obtained by anodically generated in the carbonate-based 
electrolyte (f). 

 
[1] K. Gawlak, A. Knapik, G.D. Sulka, L. Zaraska, Int. J. Energy Res. 46, 17465 (2022). 
[2] M. Gurgul, K. Syrek, M. Kozieł, Ł. Pięta, L. Zaraska, Electrochim. Acta 423, 140608 (2022). 
[3] A. Knapik, K. Syrek, M. Kozieł, L. Zaraska, J. Ind. Eng. Chem. 111, 380 (2022). 
[4] K. Mika, K. Syrek, T. Uchacz, G.D. Sulka, L. Zaraska, Electrochim. Acta 414, 140176 (2022). 
[5] K. Syrek, M. Jażdżewska, M. Kozieł, L. Zaraska, J. Ind. Eng. Chem. 115, 561 (2022). 
[6] K. Syrek, S. Kemona, J. Czopor, L. Zaraska, G.D. Sulka, J. Electroanal. Chem. 909, 116143 (2022). 
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Alkaline water electrolysis represents one of the simplest methods employed for renewable hydrogen 
production [1]. In contrast to acidic electrolyzers (e.g., PEM), alkaline electrolyzers reach high 
conversion efficiency with low-cost abundant transition metals such as Ni-Fe alloys [2]. In addition to 
its intrinsically high electrolytic activity for oxygen evolution reaction (OER), we show that the activity 
can be enhanced by more than 20% simply applying a magnetic field (Fig. 1). The understanding of the 
phenomenon is complex as the surface of these catalysts is subject to a dynamic equilibrium, and the 
presence of specific phases depends on the presently applied conditions including the magnetic field 
as well as on the history of the sample. Using APXPS [3] and a combination of soft- and hard x-ray 
photoelectron spectroscopy with electrochemical impedance spectroscopy we find that the high 
intrinsic electronic conductivity comes together with an increasing water intercalation into the oxy-
hydroxide, which is experimental evidence for a water mediated OH- diffusion mechanism. Our 
hypothesis is that this pore structure is affected by the presence of a magnetic field to minimize the 
local stray field. The (re-)orientation requires restructuring of the surface explaining the time 
dependence of the effect. 
 
 

                   
 

Fig. 1. OER enhancement of NiFe under applied magnetic field. 
 
 
 
[1] D. M. F. Santos and C. A. C. Sequeira, Quim. Nova, 36, 1176 (2013). 
[2] L. Trotochaud, S. L., et al., Journal of the American Chemical Society, 136, 6744 (2014). 
[3] Z. Novotny, et al., Rev. Sci. Instrum., 91, 023103 (2020). 
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The present study was carried out in the context of the ongoing research aimed at discovering 

more effective catalysts for the oxygen reduction reaction (ORR) in PEM fuel cells, as the current 

best-performing ones (Pt -based materials) that both are scarce and expensive. Nanocarbon 

materials under various forms, undoped or doped, are heavily researched as electrocatalysts for 

replacing Pt-based catalysts [1]. Nitrogen doped graphene quantum dots ( GQD) are gaining 

attention for this application, due to their abundance in edge sites, low dimensionality, and the 

fact that ORR is more easily electrochemically catalyzed at the edge than on the basal plane [2]. 

The primary emphasis in this study is to investigate how dopants and various defects, as well as 

the reduction in the size of the material affects the activity of the edges towards ORR. To achieve 

this goal, Density Functional Theory (DFT) was employed to explore the activity of the zig-zag 

nanoribbon edges, undoped, N-doped or with various functionalized defects – see the activity 

plot in Figure 1a [3]. Furthermore, as smaller sizes means higher activity in many cases, the study 

also evaluates the activity of undoped and N doped GQD of various shapes (triangular, 

rhombohedral and hexagonal) and sizes, for zig-zag or armchair terminated edges – see Figure 

1b. The structures placed close to the top of volcanoes show the most promising activity. 

This work is supported by Executive Agency for Higher Education, Research, Development and 

Innovation Funding (UEFISCDI) through the project PN-III-P1-1.1-TE-2021-0931 and by L’Óreal 

Women in Science scholarship. 

 

 
  

Fig. 1. Theoretical calculated overpotential for a) the edges of graphene nanoribbon undoped and N 

dopped b) the edges of GQD of various sizes and shapes 

  
[1] Jiaguang Sun et al, Nanotechnology, 27, 055404, (2016) 
[2] M. Favaro et al, ACS Catal,5, 1,129-144, (2015) 
[3] I.C.Man et al. J.Phys.Chem.C, 124,42,23177-23189, (2020) 
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Oxygen reduction reaction (ORR) is an electrochemical half-reaction with an industrial importance in 
hydrogen fuel cells where it is responsible for conversion of oxygen from air into aqueous species. ORR 
is intrinsically sluggish, therefore, it requires an efficient catalyst. Current state-of-the-art ORR catalyst 
is platinum-based, which makes it undesirable due to low availability of the precious metal and 
unsustainable extraction practices. Carbon-based catalysts, doped with heteroatoms, have been 
demonstrated to show significant electrocatalytic activity towards ORR, which could compete with 
platinum. However, further efforts are required in order to understand the electrocatalytic mechanisms 
of ORR using carbon catalysts and to devise a catalyst exhibiting electrocatalytic activity matching that 
of platinum. 

In a study focused on a state-of the-art ORR catalyst, iron- and nitrogen- co-doped pyrolytic carbon (Fe-
N/C) has been studied using Near-Ambient Pressure X-ray Photoelectron Spectroscopy (NAP-XPS). The 
catalyst was exposed to nitric oxide (NO) gas during spectra acquisition. NO interacts with the ORR 
active sites, therefore, it was possible to gain insight into the nature of the active sites in the Fe-N/C 
catalyst by observing N 1s signal during a NO exposure and varying temperature cross-study. A Near 
Edge X-ray Absorption Fine Structure (NEXAFS) experiment was done in order to gain complementary 
information about the nature of the active sites by observing Fe L-edge. 

In a parallel model-system approach, a real ORR catalyst was approximated by placing a layer of iron-
containing porphyrin molecules on top of a highly-oriented pyrolytic graphite surface. This strategy 
allows a more fundamental insight into the ORR mechanism due to a much lower level of complexity 
of the system, yielding information coherent with the real-catalyst study. 

Overall, presented here is a significant experimental insight to a system which to date has only been 
studied by computational simulations. 
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Tracking various chemical reactions including electrochemical reactions at the single-molecule level is 
expected to yield a great deal of knowledge from both fundamental and applied aspects. EC-STM, a 
combination of scanning tunneling microscopy (STM) and electrochemical (EC) measurements, allows 
direct observation of electrochemical interfaces with high spatial resolution [1]. In this study, we report 
on a methodology to track redox reactions of single-molecules using EC-STM. This was made possible 
by the self-assembled monolayer (SAM) fabrication of structurally rigid tripodal molecules with a 
tethered ferrocene (Fc) moiety [2]. By preparing a mixed SAMs with the molecules with and without Fc 
moieties, we could stably deposit Fc species on Au (111) electrode in an isolated and dispersed state, 
which enables us to observe clear changes in the EC-STM images upon the redox reaction of the single 
Fc derivative [3].  

A mixture of 8,13-trimercaptotriptycene (Trip) and its Fc derivative (Fc-Trip, Fig. 1a) was deposited on 
a Au(111) electrode (the molecules were provided by the Fukushima Lab., Chemical Biology 
Laboratory, Tokyo Institute of Technology, and the Suzuki Lab., Graduate School of Science, Hokkaido 
University). Cyclic voltammetry (CV) was performed with a potentiostat (HZ-7000, Hokuto Denko) at a 
sweep rate of 0.1 V/s in 0.1 M HClO4 solution. STM measurements were performed using an MS-10 
STM (Bruker), controlled by a NanoScope V (Bruker). A Pt/Ir wire coated with Apiezon wax was used 
as a tip in a home-made electrochemical cell. The sample potential (Esample) was varied from 0.2 V (vs 
Ag/AgCl) to 0.4 V while the potential difference between the tip and the sample was kept at 0.3 V. 

The CV results are shown in Fig. 1b, where the peak originating from the redox reactions of Fc-Trip is 
observed (dotted line is only for Trip), indicating that the redox potential of Fc-Trip is ~0.3 V. 
Corresponding EC-STM images are shown in Fig. 1c, d. While the bright spots derived from Fc-Trip are 
observed at Esample = 0.2 V (the tip potential Etip is 0.5 V), as indicated by white circles, the bright spots 
almost disappeared at Esample = 0.4V (Etip = 0.7 V). We confirmed that the change of the height is 
reversible with respect to the applied potentials. The height of the bright spot in the EC-STM images 
reflects the electron transfer rate through the redox molecule between the tip and the sample.  

The novel strategy using a tripodal molecules has made it possible to measure isolated small molecules 
(a few Å) using EC-STM. In the presentation, we will also discuss the new method for the tip fabrication, 
which can pave the way for advanced measurements such as tip enhanced Raman spectroscopy [4] 
and accelerate progress in the field of surface electrochemistry.  

Fig. 1. (a) Schematics of the sample. (b) CV of Trip and Fc-Trip mixed SAM. (c)(d) EC-STM images (90×90 nm2) 

taken at (c) 0.2 and (d) 0.4 V. 

[1] Y. Yokota et al., J. Phys. Chem. C, 111, 7561 (2007). 
[2] F. Ishiwari et al., J. Am. Chem. Soc., 141, 5995 (2019). 
[3] Y. Kobayashi et al., J. Phys. Chem. C, 127, 746 (2023). 
[4] Y. Yokota et al., J. Phys. Chem. C. 123, 2953 (2019). 
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Ethylene (C2H4) is one of the most valuable compounds in the chemical industry but the current 
ethylene production pathway is the second-biggest CO2-generating process in industry. In 1982, an 
alternative ethylene production pathway, the oxidative coupling of methane (OCM), was proposed. 
Unfortunately, this OCM approach suffers from significant “deep oxidation” where CH4 is instead 
combusted to CO/CO2 and H2O.[1] To improve the C2 selectivity and yield of OCM processes, recent 
works have focused on integrating OCM activity into solid oxide electrolyser systems. In this 
electrochemical OCM (EOCM) approach, O2− ions from the cathode are transported to the anode where 
they oxidise CH4 molecules to yield the desired C2 (C2H4 and C2H6) products.[2] 

In this study, we use La0.3Sr0.7TiO3 as the anode material and catalyst for EOCM. By using combined 
electrochemical and gas chromatographic analyses, we demonstrate that this anode can successfully 
yield the desired C2 products and can respond to changes in the O2− flux. We highlight that the C2 
selectivity can be tuned using the applied potential: we show an unprecedented tuneability in the C2 
selectivity with enhancements of >3x at higher currents relative to lower currents. We rationalize these 
results mechanistically and demonstrate that the oxygen species active for selective OCM can be 
selectively produced at the anode surface. These results furnish the ability to increase both the 
methane conversion and C2 selectivity and have finally broken the inverse relationship between the 
methane conversion and the C2 selectivity. Additionally, we characterise the anode stability using 
methods such as X-ray photoelectron spectroscopy, Auger spectroscopy and energy dispersive X-ray 
spectroscopy. These results illustrate that the anode material is stable under the EOCM operational 
conditions with no phase decomposition, a notorious limitation of other EOCM anodes.[3] Our results 
thus demonstrate that titanate-based systems are ideal candidates for EOCM. 

Fig. 1. Schematic representation of the EOCM reactor and the associated reactions. 

 
[1] M.A. Barteau, Journal of Catalysis, 408, 173 (2022) 
[2] C. Zhu, S. Hou, X. Hu, J. Lu, F. Chen, K. Xie, Nature Communications, 10, 1173 (2019) 
[3] K.P. Ramaiyan, L.H. Denoyer, A. Benavidez, F.H. Garzon, Communications Chemistry, 4, 139 (2021) 
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Traditional operando methods to study electrochemical (EC) processes, although successful, are based 
on EC measurements, lacking in direct sensitivity of chemical and structural surface changes. These EC 
reactions take place at the electrode-electrolyte interfacial regions, but several surface sensitive 
techniques are often limited to ex situ conditions, owing to the need of Ultra High Vacuum (UHV) 
environments [1,2]. On the contrary, synchrotron-based hard x-rays provide an extremely focused and 
intense, energetic source that can penetrate the electrolyte without undergoing significant 
attenuation. Furthermore, surface sensitivity can be increased up to a few nanometers when the 
incident angle is set below the critical angle for total external reflection (TER), characterized by the 
occurrence of an evanescent wave confined at the surface [3,4]. In this contribution, we performed 
operando Grazing Incidence X-ray Absorption Spectroscopy (GI-XAS) in total external reflection (TER) 
mode (Fig. 1) at P64 (DESY, Hamburg) and Balder (MAX IV, Lund). The experiment was performed using 
our EC setup designed for multimodal synchrotron studies, which allowed us to measure both 
fluorescence signal and totally reflected beam as a function of the incident beam energy. We 
investigated Au(111) surface electro-oxidation at its initial stage and during oxygen evolution reaction 
(OER), measuring Au L3-edge XANES and EXAFS in real-time while performing a cyclic voltammetry (CV) 
in 0.05M H2SO4. Furthermore, we studied the surface passive film development and breakdown of Ni-
Cr-Mo corrosion resistant alloys in 1M NaCl under constant EC polarization. Despite the presence of 
bulk electrolyte and PEEK walls of the EC cell, 1-3 nm thick surface oxides film can be detected in TER 
mode using energies down to 8 keV. Advantages and challenges of this method will be discussed, 
showing experimental results. 

 
 

[1] O. Diaz-Morales et al., Chem. Sci., vol. 4, n. 6, pag. 2334, 2013. 
[2] A. Larsson et al., Applied Surface Science, vol. 611, Part A, 2023. 
[3] H. Abe et al., Phys. Chem. Chem. Phys., vol. 22, pag. 24974, 2020. 
[4] Gajdek et al., J. Phys. Chem. C, vol. 126, n. 7, pag. 3411, 2022.  
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In the past decade, organic-inorganic halide perovskite solar cells (HaPSCs) have made significant progress in 
power conversion efficiency (PCE nearly 26% [1]) and are a promising low-cost photovoltaic technology. 
However, their long-term stability and performance are hindered by the instability of their physicochemical 
and functional properties. Ionic transport has been identified as a critical factor leading to irreversible 
degradation. Ionic compounds can self-release from the perovskite absorber, inducing defects in the halide 
perovskite layer. These remaining defects are also sensitive to moisture and oxygen, which accelerate device 
decomposition. In this regard, identifying and profiling the ions and molecular fragments produced during the 
lifespan and degradation of HaPSCs is crucial [2]. Here we report an advanced operando synchrotron hard X-
ray photoelectron spectroscopy (HAXPES) investigation of the dynamic behavior of iodide species in a 
MAPbI3−xClx (HaP) solar cell under an applied bias [Figure. 1 (left)].  
Our study evaluated the performance and stability of stacked Au/Ag/AZO/PCBM/HaP/NiO/ITO/glass 
structures [3]. The components of the structure, AZO, PCBM, NiO, and ITO represent Al-doped zinc oxide, 
phenyl-C61-butyric acid methyl ester, nickel oxide, and indium tin oxide, respectively. The experimental 
corelevel analysis showed that the migration of iodide (I−) ions from HaP to adjacent electron and hole 
transport layers required a threshold voltage above the open-circuit voltage (VOC) when an ITO barrier layer 
was absent between Ag and AZO [Figure. 1 (right top)]. The study found that the diffusion of I− in AZO/PCBM 
over time is unidirectional and follows a concentration gradient. This unidirectional diffusion of I− leads to its 
absorption by the Ag layer, which forms a harmful silver iodide (AgI) compound. The deposition of an ITO layer 
between Ag and AZO as an ion diffusion barrier layer effectively restrained the formation of AgI, thereby 
improving the stability and performance of HaPSCs [Figure. 1 (right bottom)]. The study provides new insights 
into different degradation mechanisms and ways to enhance the stability and performance of HaPSCs.  

  
Fig. 1: (Left) Simplified operando HAXPES analysis setup under bias voltage based on synchrotron X-rays; (Right) I  3d5/2 

core level recorded at different bias voltages: (top) without and (bottom) with ITO barrier layer between Ag and AZO. 

Similar intensity scales and binding energy ranges are used to compare the intensity changes and energy shifts between 

samples without and with ITO.  
[1] Best solar cell efficiency chart; https://www.nrel.gov/pv/cell-efficiency.html (Accessed March 06, 2023).   
[2] Gueye et al., ACS Appl. Mater. Interfaces 2021, 13, 42, 50481-50490.  
[3] Gueye et al., ACS Chem. Mater. 2023, 35, 5, 1948-1960.  
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CO2 capture is a promising approach to reduce/prevent CO2 emission from fossil fuel power plants and 
thus contributing to the efforts of deterring the global warming related to the greenhouse effect. To 
selectively separate CO2 from flue gases the currently most viable solution is chemisorption with 
amine-based solutions. As part of the thermal swing CO2 capture process, the amine sorbents capture 
CO2 at temperatures below 60° C and release it at temperatures above 100° C regenerating the sorbent, 
which then can be reused in the next cycle. 

However, amine loss due to oxidation or thermal degradation and a more energy and cost-efficient 
capturing procedure are among the challenges that have to be overcome before commercialization [1]. 
Therefore, insights into the CO2 absorption process on a molecular basis and an understanding of the 
chemical equilibrium of aqueous amine with newly formed species from the CO2 reaction are required. 

Liquid jet ambient pressure X-ray photoelectron spectroscopy (APXPS) experiments are suitable to 
investigate the crucial vapor/liquid interface where the absorption processes are occurring. The energy 
tunability of the synchrotron source enables the determination of the present and formed chemical 
species directly at the interface and in the near surface region of the sample solution, showing the 
depth dependence of the individual species and the variation in chemical composition. 

We have studied primary and secondary type amine solutions, i.e. 30 wt% aqueous Monoethanolamine 
(MEA) and Diethanolamine (DEA) solutions with varying CO2 loadings at beamline 11.0.2 of the 
Advanced Light source (ALS) using APXPS combined with a colliding liquid flat jet system. Our results 
give new insights into the quantity of the CO2 absorption products at low and high CO2 loadings and 
their tendency for the interface or bulk of the solution. 
 
[1] Dutcher B. et al., ACS Appl. Mater. Interfaces, 7, 4, 2137-2148 (2015) 
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The chirality-induced spin selectivity (CISS) effect reveals a relation between the electron spin and the 
frame of reference of single chiral molecules and solid-state materials. It introduces new means for 
controlling the outcome and efficiency of spin-dependent chemical reactions, e.g., photoinduced water 
splitting. 

First demonstration experiments for an improved water splitting, employing either chiral cupric oxide 
(CuO) or chiral cobalt oxide (CoOx) layers [1,2], have proven the feasibility of this approach. However, 
a thorough understanding of the origin of the spin polarization generated in these oxide layers is still 
lacking.  

In this talk, the concept of spin-selective electrocatalysis is briefly introduced. We present 
photoemission measurements which demonstrate that spin-polarized currents can be obtained from 
chiral CuO [1,3] and CoOx [2] layers and explore the underlying mechanisms.  

For CuO thin films, correlating the SP values with electron energy spectra reveals that the measured 
spin polarization values could be rationalized assuming an intrinsic spin polarization in the chiral oxide 
layer and a chirality-induced spin selectivity (CISS)-related spin filtering of the electrons. We hypothe-
size that the intrinsic contribution to the spin polarization reflects a magnetic order which is absent 
within achiral but otherwise identical layers [3]. In chiral CoOx layers, the spin polarization was found 
to depend on the cobalt oxidation state, which allows for reversible switching of the preferred spin 
orientation. The results support efforts towards a rational design of further spin-selective catalytic 
oxide materials. 

 
[1] K. B. Ghosh et al., J. Phys. Chem. C 123, 3024–3031 (2019) 
[2] S. Ghosh et al., J. Phys. Chem. C 124, 22610–22618 (2020) 
[3] P. V. Möllers et al., ACS Nano 16, 12145−12155 (2022) 
[4] P. V. Möllers et al., Isr. J. Chem. 62, e202200062 (2022) 
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Triboelectric Nanogenerators have proven to be an effective method of electrical energy generation 

and their efficiencies have shown a steady increase [1]. However, the development of textile-based 

TENG devices (T-TENGs) has been slow and challenging at times. By utilising commercially available 

materials, the only remaining issues are related to the scale up of the treatment process, increasing the 

longevity and electrical efficiency of textile triboelectric materials. By utilizing dielectric barrier 

discharge (DBD) plasma (Figure 1), it is possible to modify the surface functionality of fabrics. DBD 

plasma generates free radicals, functional groups and ions that bombard the surface of the materials, 

removing weak ionic bonded groups, and replaces them [2]. Since triboelectricity is primarily the 

movement of electrons between the surface of opposingly charged materials, this replacement of 

surface functional groups directly affects the electrical properties. This study represents a comparative 

look at plasma treatments from an electrical perspective and a step towards fully wearable T-TENG 

devices. Detailed investigations are currently underway to understand the mechanism by which plasma 

gases influence the triboelectric properties of polyester fabrics. After plasma optimisation and 

treatment these functionalised fabrics are systematically characterised using XPS, FTIR, contact angle 

and electrical characterisation, to compare the effects of each plasma on the material surface. When 

compared to the untreated polyester fabric, a N2 based plasma treatment resulted in an electrical 

output increase of 90%, while a CO2 based plasma treatment led to a 62% decrease. These electrical 

changes prove that through basic plasma treatments it is possible to influence the overall electrical 

outputs of fabric materials and thus the overall efficiency of T-TENGs.  

Figure 1:Experimental procedure for plasma treatment of polyester fabric. 

[1] R. Walden, C. Kumar, D.M. Mulvihill, S.C. Pillai, Opportunities and Challenges in Triboelectric Nanogenerator (TENG) based 

Sustainable Energy Generation Technologies: A Mini-Review, Chemical Engineering Journal Advances, 9 (2022) 100237.  
[2] A. Zille, F.R. Oliveira, A.P. Souto, Plasma Treatment in Textile Industry, Plasma Processes and Polymers, 12 (2015) 98-131.  
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Hydrogen is the most promising green energy carrier alternative to fossil fuels. However, one of the 
major problems that hinders its widespread use is its storage. Graphene, in the context of solid-state 
hydrogen storage solutions, has attracted much attention owing to its chemical stability, low weight, 
large surface area, and favorable physical-chemical properties for hydrogen adsorption. Despite this, 
pristine graphene shows limited storage capacity at near-ambient conditions. This issue can be 
overcome by metal functionalization. 

Among the most promising metals is platinum, which is our focus. Ab-initio calculations showed that 
Pt adsorbed on graphene leads to an increased binding energy of hydrogen molecules, and each Pt 
atom can bind up to 8 H2-molecules allowing high gravimetric densities at near-ambient temperature 
[1]. Therefore, in this work, we experimentally investigated the properties and capacity of Pt-covered 
graphene as hydrogen storage medium. 

We used monolayer graphene epitaxially grown on SiC(0001) onto which we deposited various 
amounts of Pt. Scanning tunneling microscopy was employed to evaluate, as a function of deposition 
time, the Pt amount, coverage, and distribution. To study the hydrogen storage capacity of the system, 
we exposed the Pt-covered graphene samples to molecular hydrogen (5 min of deuterium at 1·10-7 
mbar). We then recorded the hydrogen thermal desorption spectra. The desorption spectra shown in 
Fig. 1 demonstrate the suitability of Pt-covered graphene for hydrogen storage applications: while for 
the pristine sample no hydrogen desorption is detectable, with increasing Pt-coverage we observe an 
increasing hydrogen uptake. The hydrogen binding is stable at room temperature, with hydrogen 
desorption already occurring at temperatures moderately close to room temperature. 

 

 

 

 

 

 

 

 

 

 

Fig. 1. STM image corresponding to a Pt area coverage of 50% (inset shows the pristine graphene structure in the 
areas uncovered by Pt) and desorption spectra measured for different amount of platinum.  

 
[1] I.-N. Chen et al., Applied Surface Science, 441, 607-612 (2018)  
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Surface engineering of surfaces using polymer brushes 

 

M A Morris 
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Thin film deposition is a critical fabrication in a host of sectors spanning electronics, medical devices, 
construction and bioassay. The thin films add function to an inert substrate and so define the properties 
of these. However, making thin films (<50 nm) can be challenging in terms of achieving regular 
thickness, high coverage, controlled density and defect free. The compositions that can be achieved 
are limited by methods such as atomic layer deposition. The materials may also afford problems 
because of their refractory nature, availability and cost of film precursors and issues such as 
thermal/mechanical mismatch with the substrate. Thermal evaporation, sputtering, plasma deposition 
and chemical vapour deposition have been developed as suitable coating techniques but require 
capital intensive equipment.  

In this work we have developed a wet chemical approach. We use polymer brushes (i.e. 
macromonomers with end groups which can chemically bind to a chosen substrate) as a template for 
film development. Typical examples would be hydroxy terminated poly methyl methacrylate or 
polystyrene vinyl pyridine . The chemical bonding allows us to fabricate a brush layer of high coverage 
and highly uniform thickness. The film is then exposed to a solution of metal salt where the solvent 
swells the polymer brush layer. This infiltrates metal cations into the film. A subsequent oxidation 
process removes polymer whilst oxidizing cations to the oxide forming a dense film. Typical examples 
include Al2O3 and TiO2 but complex tertiary oxides and metals can also be processed such as indiumtin 
oxides. The process is capital and energy inexpensive. Further, the technique can be used to coat 
complex shapes including interior volumes. Applications of these films will be illustrated and discussed. 
Comparison to competing coating methods will be made by comparison of morphology and electrical 
properties.  
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Planar lattices of plasmonic nanoparticles, especially on substrates with their own resonances, have 
many degrees of freedom and are, probably, the most tunable plasmonic structures, the optical 
properties of which depend on material and geometrical parameters of the nanoparticles, type and 
the period of the lattice, the substrate, and the strength of the interactions with substrate resonances 
[1,2]. Additionally, the orientation of the lattice relative to the direction of the exciting light affects the 
interparticle interactions and, correspondingly, the optical properties of the system. The latter is proved 
by the consideration of the symmetry and calculation of lattice sums. 

It was demonstrated that ellipsometry is a suitable method for the investigation of plasmonic structures 
providing not only amplitude but also phase information [3,4]. Moreover, microellipsometry with a 
spatial resolution of a few micrometers is appropriate for the investigations of ordered lattices of 
plasmonic nanoparticles, which are usually restricted in size because of the preparation by electron-
beam lithography. It allows not only the influence of the substrate, ordering of nanoparticles, 
geometrical parameters, or the lattice orientation on the optical properties to be demonstrated, but 
also the dispersion of different electromagnetic modes of the system to be restored and the interaction 
and splitting of these modes to be exhibited. 

The details of the optical properties of ordered lattices of plasmonic nanoparticles on different 
substrates revealed by microellipsometry are discussed in this presentation. 

We acknowledge DFG grants no. ZA 146/43-1 and no. FL 670/8-1. EB appreciates the travel support of 
the COST Action MP1302 “Nanospectroscoy” and the funding through the MSCA4Ukraine project, 
which is funded by the European Union. 

 
[1] E. Bortchagovsky et al., J. Appl. Phys. 129, 123104 (2021) 
[2] E. Bortchagovsky et al., Micro Nano Eng. 18, 100172 (2023)) 
[3] T. W. H. Oates, H. Wormeester, and H. Arwin, Prog. Surf. Sci. 86, 328 (2011) 
[4] Ellipsometry at the nanoscale, M. Losurdo and K. Hingerl (eds.), Springer (Berlin, Heidelberg) 2013. 
 



High Q-factor all-dielectric metasurface for refractive index 
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Though plasmonic metasurfaces have been at the forefront of research as a platform for sensors due 
to their high field enhancements, they historically suffer from low Q-factors, high ohmic losses and 
reduced specificity [1]. All-dielectric metasurfaces are an alternative low ohmic loss platform which 
also exhibit greater manipulation of light, along with increased possibilities for multiplexing [2].   

To achieve both high Q-factors and external E-field enhancement, our structure employs the use of 
quasi-bound states in the continuum (q-BIC). These sharp resonances can be manufactured in 
alldielectric metasurfaces by introducing a small degree of asymmetry to the nanogeometry [3].  

Based on initial designs in air [4], our novel design for an all-dielectric nanoresonator with q-BIC 
resonances has been adapted to use Si3N4 and transferred onto a fused silica substrate, creating a 
metasurface with high transmission in the visible and near-IR spectra. Water was used as an 
appropriate bulk sensing medium. This results in a practical design which produces high Q-factor and 
E-field enhancement external to the structure.  With a slot width of 45 nm, simulations provide a 
Qfactor of up to 1.4 × 105, bulk sensitivity of 135 nm/RIU, and figure-of-merit (FOM) of >20,000. The 
design has been found to have very good tunability while maintaining the qBIC resonance trough a 
range of wavelengths in the visible/near-IR. The fabrication and characterization of this design in Si3N4 
has been carried out and the experimental results and comparisons with simulations are presented.   

This work was supported by the European Union’s Horizon 2020 research and innovation programme 
under the Marie Sklodowska-Curie grant agreement No. 847652, as well as SFI under grant number 
21/FFP-P/10187 and IPIC, SFI Reference Number: 12/RC/2276.  

  
Figure 1. Metasurface materials and slotted nanodisk array design, with E-field enhancement mode, E/E0 of up 

to 450, shown relative to the resonator (inset).    

  
[1] A. M. Shrivastav, U. Cvelbar and I. Abdulhalim, “A comprehensive review on plasmonic-based biosensors used in viral 

diagnostics” Communication Biology. 4, 70 (2021).   
[2] A. C. Overvig, et al., “Dielectric metasurfaces for complete and independent control of the optical amplitude and 

phase” Light: Science and Applications, 8, 92 (2019)  
[3] L. Huang, et al., “Trends in Quantum Nanophotonics” Advanced Quantum Technologies, 3, 1900126 (2020)  
[4] X. Zhang, A. L. Bradley, “Polaritonic critical coupling in a hybrid quasibound states in the continuum cavity– WS2 

monolayer system” Physical Review B. 105, 165424 (2022)  
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Detecting magnetic fields can serve as a means of measuring various quantities like position, 
movement, direction, and rotational speed. This makes magnetic field detection devices highly useful 
in many industries. Today, electronics that can function dependably in harsh environments are in high 
demand, including those that can withstand extreme temperatures. Traditional electronics design 
often requires active or passive cooling, but this may not always be practical or effective. As a result, 
there is a growing need for extreme environment electronics, particularly in the automotive, space, 
defense, and energy industries [1].  

Our research explores the potential of utilizing modern two-dimensional material, epitaxial graphene 
on SiC [2] and classic semiconductor thin-film material (n-InSb) [3] as active layers for sensor structures 
that can measure magnetic fields from cryogenic temperatures up to 350 °C. Using the developed 
procedures for temperature testing of the manufactured systems, with simultaneous, cyclical 
measurement of the Hall effect, we can assess the temperature resistance of the tested systems both 
in terms of thermal and long-term stability. The conducted research on the active layer and the 
structure of the sensor is supplemented with temperature tests of the construction materials of the 
housing of the future device.  

The research has received funding from the National Centre for Research and Development under 
Grant Agreement No. LIDER/8/0021/L-11/19/NCBR/2020 for project MAGSET and partly from the 
Ministry of Education and Science (Poland) under Project No. 0512/SBAD/2320.  
  
[1] S. Eswarappa Prameela et al., Nature Reviews Materials, 8, 81 (2023)  
[2] T. Ciuk et al., IEEE Transactions on Electron Devices, 66, 3134 (2019)  
[3] S. El-Ahmar et al., Sensors, 22, 5258 (2022)  
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Continuous solid metallic thin films can be meta- or unstable after deposited. It results to disintegration 
(so called dewetting, rupture, self-organization, agglomeration) of the continuous layer into isolated 
nanoislands [1]. That process can be observed at temperature well below melting point of nanolayer, 
even at room temperature. The transformation mechanism is driven by thermally accelerated diffusion 
that leads to the minimalization of surface free energy in the system [2]. Thin films, especially those 
with nanometer-scale thicknesses, have a relatively high surface energy and a large interfacial area with 
the substrate. It could create a driving force for the dewetting and form isolated islands. This process 
is governed by the balance between the energy required to create new surfaces (surface tension) and 
the energy gained by reducing the total interfacial area (interfacial tension) [3]. 

The disintegration of a metallic thin films could be used for the preparation of the plasmonic structures 
[4]. The thermal annealing of nanometric films leads to the isolated island formation. Properties of 
manufactured nanostructures depend not only on its size, but most of all its nanostructure and 
chemical composition [5]. Therefore a wide knowledge about kinetics and nanostructures formation 
parameters play key role from practical applications point of view. 

We report the results of our study of the disintegration of the gold thin film and formation nanoislands. 
To study the effect of silicon diffusion on dewetting and formation of gold nanostructures, thin metallic 
films were deposited by MBE technique on both, pure silicon and silicon oxide substrates. 
Transformation of the thin film was observed by LEEM and SEM microscopes, as well as manufactured 
nanostructures were observed by AFM method. Structural investigations were performed by LEED and 
XPS methods. 

Acknowledgments: Financial support of these studies from Gdańsk University of Technology by the 
DEC- 11/1/2022/IDUB/I3b/Ag grant under the ARGENTUM - ‘Excellence Initiative - Research University’ 
program is gratefully acknowledged. 
 
[1] Giermann, L., Thompson C.V., Appl. Phys. Lett., 86, 121903 (2005)  
[2] 7.Cheynis, F., Leroy, F., Müller, P., C. R. Phys., 14, 578 (2013)  
[3] Thompson, C.V., Annu. Rev. Mater. Res., 42, 399-434 (2012)  
[4] Łapiński M., Kozioł R, Cymann A., et al., Plasmonics, 15, 101-107 (2020) 
[5] Kozioł R., Łapiński M., Syty P., et al., Surf. Sci., 567. 150802, (2021)  
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This talk will overview a new direction of research that can be conventionally called “electrochemical 
photonics”. It is based on voltage-controlled reversible selfassembly of plasmonic nanoparticle arrays 
at electrochemical liquid-liquid or solidliquid interfaces, the optical properties of which can 
dramatically vary with the applied voltage across the interface, also affected by the composition of 
nanoparticles, their size, and the array density. The effects to be discussed were first predicted by 
theory (M. Flatte, M. Urbakh, D. Sikdar, and A.A. Kornyshev), and, navigated by it, have been 
experimentally demonstrated by a team of researchers at Imperial College London (including Y. Ma, Yu. 
Montelongo, L. Velleman, M.P. Ceccini, et al, led by PIs: A.A. Kornyshev, J.B. Edel, and A.R. Kucernak); 
the effects refer to electro-switchable window-mirrors, tuneable colour mirrors, Fabry-Perot filters, as 
well as ultrasensitive Raman-scattering and reflectivity-based detectors of hazardous molecules or 
heavy metal ions, using these novel self-assembling and electrotuneable nanoplasmonic platforms. The 
physics and chemistry of this kind of meta-surfaces, tuneable within less than 1 V variation of electrode 
potential, have been reviewed in Refs.[1-3] and this talk will focus on few latest achievements. It will 
also highlight some interesting side result (D. Sikdar, J. Pendry, A.A. Kornyshev, 2020) that lay 
foundation for almost 100% extraction of light from Light Emitting Diodes.  

  

[1] J.B. Edel, A.A. Kornyshev, and M. Urbakh, Self-Assembly of Nanoparticle Arrays for Use as Mirrors, Sensors, and Antennas, 
ACS Nano 7, 9526-9632 (2013)  

[2] J. Edel, A.A. Kornyshev, A. Kucernak, M. Urbakh, Fundamentals and applications of self-assembled plasmonic nanoparticles 
at interfaces, Chemical Soc. Reviews 45, 1581-1596 (2016)  

[3] J. B. Edel, Y. Ma and A. A. Kornyshev, Electrochemical photonics: a pathway towards electrovariable optical metamaterials, 
Nanophotonics (2023) -  https://doi.org/10.1515/nanoph-2023-0053 
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A laboratory for in-situ/operando studies of a gas-solid interface was recently built at the Department 
of Surface and Plasma Science of Charles University. The primary experimental technique in this 
laboratory is Near-Ambient Pressure X-ray Photoelectron Spectroscopy (NAP-XPS) which allows the 
chemical analysis of the surface of solid material, in the presence of a gas or vapor, at pressures in the 
mbar range. As the information on the chemical state of surface atoms and the presence of adsorbate 
during exposure to gases is crucial in the field of gas sensors, we established a methodology that 
included XPS analysis of the sensor surface and measurements of its electrical resistance while 
controllably exposing it to different gases at high temperatures. The developed method was applied 
for studying ethanol and NO2 (reducing and oxidizing agents) sensing mechanisms on several 
nanostructured chemiresistors (SnO2, Cu2O, ZnO, WO3, and Zn-phthalocyanine-based). The information 
on the chemical state of surface atoms and the accumulation of different adsorbates during the 
detection process brought new insight into the existing theories of gas sensing. 

 

This work was supported by the Czech Science Foundation (GAČR 22-14886S). 

 

 

Fig. 1. In situ/operando study of gas sensing mechanism by NAP-XPS 

 
[1] Tomeček, D; Piliai, L et al., Chemosensors, 9, 237 (2021) 
[2] Piliai, L; Tomeček D et al., Sensors, 20, 5602 (2020) 
[3] P. Hozák, M. Vorokhta, et al., J. Phys. Chem. C, 123, 29739 (2019) 
[4] M. Vorokhta, I. Khalakhan, et al., Surf. Sci., 677, 284 (2018) 
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The successful deployment of green hydrogen technology is dependent on the use of affordable yet 

reliable hydrogen sensors throughout the entire process. From generation to transport/distribution, 

storage, and consumption, hydrogen sensors play a crucial role in ensuring the efficiency and safety of 

the hydrogen chain. For example, hydrogen sensors are needed at generation to help monitor and 

optimize the efficiency of the hydrogen evolution reaction (HER). They are also required to ensure the 

safe operation of the whole hydrogen chain. Indeed, H2 is a small molecule that easily diffuses through 

materials and may leak from containers, especially when kept at high pressure (e.g., 900 bar). In 

addition, hydrogen is odorless and collects under roofs and overhangs, where it can generate explosion 

hazards.  

Nanostructured tungsten disulfide (WS2) is one of the most promising candidates for being used as an 

active nanomaterial in chemiresistive gas sensors, as it responds to hydrogen gas at room temperature. 

This study analyzes the hydrogen sensing mechanism of a nanostructured WS2 layer using 

nearambient-pressure X-ray photoelectron spectroscopy (NAP-XPS) and density functional theory 

(DFT). The W 4f and S 2p NAP-XPS spectra suggest that hydrogen makes physisorption on the WS2 

active surface at room temperature and chemisorption on tungsten atoms at temperatures above 150 

°C. DFT calculations show that a hydrogen molecule physically adsorbs on the defect-free WS2 

monolayer while it splits and makes chemical bonds with the nearest tungsten atoms on the sulfur 

point defect. The hydrogen adsorption on the sulfur defect causes a large charge transfer from the WS2 

monolayer to the adsorbed hydrogen. In addition, it decreases the intensity of the in-gap state, which 

is generated by the sulfur point defect. Furthermore, the calculations explain the increase in the 

resistance of the gas sensor when hydrogen interacts with the WS2 active layer.   
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The COVID-19 (Coronavirus Disease 2019) pandemic has stimulated the scientific world to intensify 
studies aimed at developing quick and safe ways of detecting viruses in human body and treating the 
associated diseases. As many viruses constitute a serious threat to human life and health, studies on 
them can only be performed in certified laboratories that follow strict safety procedures. Due to this, 
development of “deactivated” virus molecules or safe to use virus-like objects that mimic the real 
virus and allow performing virus-related studies in any research unit, constitutes an important 
scientific challenge. One group of such species are the so-called virus-like particles (VLPs) in which the 
capsid of the virus is replaced with a synthetic core to which the real virus proteins are being 
attached [1,2]. 

We have developed a method for the preparation of VLPs that imitate the virus responsible for the 
COVID-19 disease – the SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus 2). The 
particles consist of Au cores surrounded by “coronas” of S1 domains of the real virus’s Spike proteins. 
Besides being safe-to-use, the VLPs are characterized by the presence of the so-called localized 
surface plasmon resonance (LSPR) in gold cores, which allows utilizing the fabricated particles in 
biosensing and bioimaging applications [3]. 

Acknowledgments 

The research was financed through the “Studies on COVID-19” programme from the funds of Adam 
Mickiewicz University in Poznań and, in part, through the LaSensA project carried out under the M-
ERA.NET scheme and co-funded by the European Union’s Horizon 2020 programme, the Research 
Council of Lithuania (LMTLT), agreement No. S-M-ERA.NET-21-2, the Saxon State Ministry for Science, 
Culture and Tourism (Germany) and the National Science Centre of Poland, project No. 
2020/02/Y/ST5/00086. 

 
[1] H. Tariq et al., Front. Microbiol., 12, 4137 (2022). 
[2] S. Nooraei et al., J. Nanobiotechnology, 191, 1–27 (2021). 
[3] W. Andrzejewska et al., M. Lewandowski, submitted (2023) (https://arxiv.org/abs/2212.14044). 
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Energetic ion beams have numerous applications in various fields of science and technology. 
Applications of particle bombardment include surface cleaning, surface smoothing, implantation of 
dopants in semiconductors, focused ion beam milling for integrated circuit repair and TEM sample 
preparation, reactive ion etching, and cancer treatment.  

Particularly interesting applications of ion beams are the analytical techniques of Secondary Ion Mass 
Spectrometry and Secondary Neutral Mass Spectrometry (SIMS/SNMS), especially when applied to 3D 
chemical imaging of organic and biological samples. Several conditions should be achieved in these 
approaches to allow for the chemical analysis of organic materials. For example, the primary kinetic 
energy transferred to the sample should be low enough to avoid substantial collision-induced 
fragmentation. On the other hand, this energy must be sufficient to initiate molecular desorption and 
ionization. 

The fundamental challenge is to find conditions that fulfill all of these demands. Various projectiles 
have been tested, and it has been found that cluster projectiles are an especially interesting choice. A 
variety of cluster projectiles have been utilized, starting with “standard” ones like Aun, Bin, C60, or Arn 
gas clusters and progressing to more sophisticated configurations like (CO2)n or (H2O)n. The impacts of 
these projectiles lead to new energy deposition pathways and ejection processes. Another interesting 
direction for developing SIMS/SNMS techniques is the application of new substrates like graphene or 
water.  

Recent progress in the implementation of these new concepts will be presented. The processes 
involved in molecular emission in these novel analytical configurations will be discussed based on the 
results of the Molecular Dynamics computer simulations. 

 

 

 

The work has been supported by Polish National Science Center Grant no. 2019/33/B/ST4/01778. 
Computer simulations were performed on the PLGrid Supercomputer infrastructure. 
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Poly(3-hexylthiophene) P3HT is a widely studied conjugated polymer with interesting properties that 
makes it a versatile organic material for various applications [1]. However, several technological 
challenges still exist for using it in a large-scale. The improvement of devices, including this type of 
materials relies on an appropriate analytical technique capable of making the link between their 
structural and chemical features and their operational performance. As devices are generally multilayer 
structures, ToF-SIMS may have an important role to play for the improvement of these materials [2]. 
However, the choice of projectile used for sputtering, their kinetic energy, angle of incidence, etc. are 
essential factors affecting the sputtering. Therefore, molecular dynamics (MD) simulations could help 
overcoming those issues through elucidating the mechanisms of ejection [3].  

In this contribution, we investigate the sputtering behavior of P3HT deposited on a silicon substrate 
under low-energy monoatomic (He, Ar and Xe) projectile bombardment using MD simulations. The 
effect of the organic overlayer thickness on the sputtering efficiency and structural and chemical 
damage induced in P3HT under the conditions usually used during SIMS analysis of these materials 
with low-energy atomic projectiles will be discussed. The 500 eV He, Ar, and Xe projectiles at a 45° 
impact angle are employed to gain insights into sputtering and material modification mechanisms. The 
effect of the primary kinetic energy and the impact angle of the Ar projectile on the sputtering 
efficiency will also be reviewed.  

This work was supported by the Narodowe Centrum Nauki Program No. 2019/33/B/ST4/01778. MD 
simulations were carried out using the PLGrid Infrastructure. SL and TM would like to thank 
HPCMARWAN (CNRST, Rabat, Morocco) for access to the computational resources.  

  
  
[1] J. Liang, X. Ouyang, Y. Cao, Sci. Technol. Adv. Mater. 23 (1), 619–632 (2022)  
[2] T. Mouhib, C. Poleunis et al., Analyst 138 (22), 6801–6810 (2013) [3] Z. Postawa, Appl. Surf. 

Sci. 231–232, 22–28 (2004)   
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Secondary Ion Mass Spectrometry (SIMS) is a robust technique for 3D imaging of inorganic, organic, 
and biological systems, which offers unparalleled sensitivity and spatial resolution. Recently, Yang et al. 
extended this method to the analysis of samples in a liquid environment [1]. It was achieved using 
a microfluidic channel whose upper side was drilled by an ion beam to create a 2-3 μm window. The 
successive bombardment induced the emission of molecules from the exposed fluid, allowing for 
studying, among others, photochemical reactions, biofilms, and liquid-liquid interfaces [2]. 

Our knowledge of the mechanisms involved in the sputtering of liquids is currently limited. Information 
depth, molecule fragmentation rate, number of ejected molecules (sputtering yield), and the effect of 
temperature on the sputtering mechanisms are just a few examples of unknowns. We used reactive 
molecular dynamics (MD) simulations to gain insight into these phenomena by modelling the impacts 
of bismuth (Bin) and argon (Arn) clusters into water and ice samples. Our results show that the system 
behavior depends on the projectile used (Fig. 1) and the initial temperature of the sample.  

    

Fig. 1. a) Oblique, b) top, and c) side view of initial positions of sputtered water molecules during bombardment 
by Bi, Bi3, and Ar1000 projectiles. The color scale corresponds to the initial depth of the ejected atoms. Lower 

parts of the systems are omitted, and images partly overlap for increased visibility. 

 

This work was supported by a Polish National Science Centre Grant 2019/33/B/ST4/01778. 
MD simulations were performed using the PLGrid infrastructure. 
 
[1] Yang, Li. et al., Lab on a Chip, 11, 2481(2011) 
[2] Yu, Xiao-Ying, Journal of Vacuum Science & Technology A, 38, 040804(2020) 
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Ion irradiation to solid surface is well-known to entail the various types of surface nanostructures, such 
as cones, nanoneedles and ripples, even at room temperature (RT).  So, this is very fascinating as a 
basic tool for the green (environmentally friendly) synthesis of nanomaterials.  For the practical 
application of ion-induced nanostructures, the controllable fabrication in shape, number density, 
crystallin structure, and composition is essential.  Here, we tackled this subject. 

For the formation of ion-induced nanostructures, sputtering yield is one of the most important 
parameters.  The clustered material of lower sputtering yield sometimes acts as the protection against 
the ion-irradiation, resulting in the selective erosion of the surrounding to form conical structures.  Au 
and C are the typical examples of the materials of the highest and lowest sputtering yield, respectively.  
For the 600 eV Ar+ ion irradiation onto Au foils with a simultaneous C supply during ion irradiation at 
RT, densely distributed nanostructure array ranging from slender needles to cones were successfully 
fabricated depending on the C supply rate from 1.2 to 0.6 nm/min, respectively, under the constant 
sputtering rate of 49 nm/min [1].   Such Au cones were promising as a substrate for surface enhanced 
Raman spectroscopy for the ultrafast and ultrasensitive detection of COVID-19 virus [2]. 

Such a nanostructures could be formed also on Au foil edges, and the further thin film deposition 
thereon and cross-sectional-like observation by transmission electron microscopy (TEM) was possible 
without any post-thinning treatment.  Fig. 1(a) shows a typical TEM image of Li-C film deposited onto 
Au cones on an Au foil edge.  In Fig. 1(a), for the in-situ TEM observation of the electrochemical process 
between Li-C and graphene, a W probe coated with multilayer graphene is contacted to the Li-C film.  
After the voltage application between the Li-C and graphene coated W (corresponding to the charging 
process of nano-battery), the intercalation of Li into graphene was clearly observed in lattice images. 

The composition of Au cone surface could be further modified by the simultaneous supply of the “third” 
element during ion irradiation.  Fig. 1(b) and 1(c) show typical TEM images of an Au cone fabricated 
with C and Ni supply at RT, revealing that the Au cone was covered with tiny Au and Ni nanoparticles 
and spontaneous partial graphitization also occurred.  Such Au cones covered with Ni nanoparticle 
showed the excellent supercapacitor property [3].   

 
Fig. 1 (a) TEM image of Li-C/Au cones and graphene coated W for the charge-discharge process analyses.  (b) Low 
and (c) high magnification TEM images of an Au cone fabricated with simultaneous Ni and C supply at RT.  
 
 [1] W. M. Lin. et al., Appl. Surf. Sci. 613, 156011, (2023). [2] Y. Yang, et al., Nano-Micro Lett. 13, 109, (2021). [3] T. Akiyama, et 
al., RSC Advances, 12, 21318, (2022). 
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With a climate change beginning to affect temperature patterns across the world and current 
water/energy systems requiring increased efficiency, selectivity and lifetime, there is a significant 
necessity to understand the needs of current technology used in areas including electrochemical 
energy, separation and desalination/water purification systems. It is particularly important to 
understand the solid/liquid interfaces because it is where many crucial processes, facilitating the 
electrochemistry, permeability, selectivity and transport phenomena, occur. Yet the precise 
understanding of such interfaces at a molecular level is still incomplete due to difficulty of visualizing 
them with spectroscopy or imaging methods. To fill this gap, we use ambient pressure tender X-ray 
Photoelectron Spectroscopy (tender-APXPS).[1] In this talk, I will first introduce a use of XPS to 
understand the interaction of water with various membrane surfaces.[2] I will then present the first 
direct measurement of the Donnan potential of an IEM equilibrated with aqueous salt solutions.[3] The 

Donnan potential, an electrical potential drop formed at the membrane/solution interface, provides 
the basis of permselectivity in charged membranes. Despite a rich literature of charged membranes 
across various fields, many fundamental molecular interactions underpinning ion selectivity in IEMs 
are poorly understood. In addition, the direct measurement of Donnan potential has been thought to 
be unmeasurable and has never been accomplished in the over 100 years since the original Donnan 
theory was proposed.[4,5] Our results directly reveal the dependence of the membrane’s Donnan 
potential on external salt concentration and counter-ion valence, as suggested by Donnan himself. In 
addition, by comparing our experimental results with well-known thermodynamic models, improved 
models incorporating thermodynamic non-idealities shows reasonable correlation. We anticipate that 
our methodology will be an important step toward better understanding water- and ion- membrane 
interactions that are so important in cellular processes as well as in energy storage and conversion and 
water purification applications. 

This work was supported as part of the Center for Materials for Water and Energy Systems (M-WET), 
an Energy Frontier Research Center funded by the U.S. Department of Energy, Office of Science, Basic 
Energy Sciences under Award #DE-SC0019272. This research used resources of the Advanced Light 
Source, which is a DOE Office of Science User Facility, under contract no. DE-AC02-05CH11231. 
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Fig. 1. Pictorial illustration of tender-APXPS for the molecular level understanding of electrochemistry, 
permeability, selectivity and transport phenomena at membrane/solution interface 

 
[1] Axnanda, S. et al. Scientific Reports 5, 9788, (2015). 
[2] Gokturk, P. A. et al. ACS Applied Polymer Materials, (2020). 
[3] Aydogan Gokturk, P. et al. Nature Communications 13, 5880, (2022). 
[4] Strathmann, H. in Encyclopedia of Separation Science   (ed Ian D. Wilson)  1707-1717 (Academic Press, 2000). 
[5] Strathmann, H. in Membrane Science and Technology Vol. 9  (ed Heiner Strathmann) Ch. 3 -Preparation and Characterization 

of Ion-Exchange Membranes, 89-146 (Elsevier, 2004). 
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Interfacial interactions at thin ferromagnetic (FM) films can be exploited to tune the film’s 
magnetic properties through strain, chemical interactions or electronic effects. A classic 
example is that of spin reorientation transitions [1]. Notably, interfacial interactions have also 
an essential role in determining the coupling between two FM layers, enabling artificial 
bilayers with given coupling to be fabricated [2]. 
 
The combination of 2D materials with FM layers has great potential in the practical engineering 
of such interfacial systems. A model system that has recently gained attention is that of 
graphene on cobalt. Focusing on spin-related phenomena, graphene was shown to induce 
enhancement of perpendicular magnetic anisotropy in Co [3]; further, when Co is supported 
on a heavy metal, asymmetric exchange interactions can occur, giving rise to Skyrmions [4]. 
 
In this talk, we will present different methods to grow graphene on cobalt, including low and 
high temperature routes, and a method to lithographically pattern Co with graphene [5,6]. We 
will illustrate the robustness of spin-polarized hybrid states in epitaxially-aligned and rotated 
graphene on cobalt, demonstrating similar spin filtering properties [7]. Finally, we address the 
reasons underneath perpendicular magnetic anisotropy (PMA) enhancement in cobalt capped 
by distinct carbon species, comparing the magnetic behavior of cobalt with graphene, CO and 
carbides on top. Our experimental observations, carried out by XPEEM and MOKE, will be 
substantiated by DFT calculations [8]. 
 
[1] D. Sander, J. of Phys.: Condens. Matter 16, R603 (2004). 
[2] P. Gargiani et al., Nat. Commun. 8, 699 (2017). 
[3] N. Rougemaille et al., Appli. Phys. Lett. 101, 142403 (2012). 
[4] L. Camosi et al., New J. Phys. 23, 013020 (2021). 
[5] M. Jugovac et al., Carbon 152, 489 (2019). 
[6] P. Genoni et al., ACS Appl. Mater. Interf. 10, 27178 (2018). 
[7] M. Jugovac et al., Carbon 198, 188 (2022). 
[8] C.A. Brondin et al., to be submitted. 
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The possibility of programmable self-assembly of single-domain nanoparticles into 2D spatial structures 

on hydrophobic elastic surfaces has been demonstrated due to potential applications in flexible 

magnetoelectronics. The appearance of ordered nanostructures on the substrate results from the 

drying processes of the stable magnetic colloid with a given value of pH. In the experimental part,  the 

magnetic Fe3O4 nanoparticles were considered. The density of printed magnetic structures significantly 

depends on the type of substrate and a kind of stabilizing coating for the magnetic nanoparticles. It can 

be also controlled by the external magnetic field gradients. In the particular case of a drying spherical 

drop, multi-ring structures made of magnetic nanoparticles can be obtained with the ability to control 

the distance between the rings [1]. Other linear dot-like or continuous nanorod magnetic structures 

are possible.  The resulting flexible magnetic films allow the control of magnetic dipole-dipole 

interaction through their elastic deformation [2]. 

Authors acknowledge the financial support from the program of the Polish Ministry of Education and 

Science under the name “Regional Initiative of Excellence” in 2019-2023, project no. 

003/RID/2018/19, funding amount 11 936 596.10 PLN. 

[1] M. Marć, W. Wolak, A. Drzewiński, M.R. Dudek, Sci. Rep. 12,  20131 (2022), 
[2] K.K. Dudek, M. Marć, W. Wolak, A. Drzewiński, M.R. Dudek,  Phys. Status Solidi B 258, 2100162 (2021). 
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During the past decade’s most of the spintronic applications relied on the manipulation of magnetic 
moments in ferro- (FM) or ferrimagnets, with antiferromagnets (AFM) acting as passive elements only, 
for example as pinning layers in spin valves. Due to the large potential for downscaling and low power 
consumption, antiferromagnets are promising candidates for the next generation of spintronic devices. 
One of the ways to control the AFM domain arrangement is the interfacial coupling to a neighboring 
ferromagnet. In our approach we will take the advantage of the exchange coupling strength at the 
interface of an epitaxial AFM/Ferrimagnetic bilayer.  

The target of our research consists of the prototypical room-temperature antiferromagnet NiO, 
epitaxially grown on Fe3O4(111)/Ru(0001). The samples were grown by using high-temperature oxygen-
assisted molecular beam epitaxy method (HOMBE) on a Ru single crystal. A comprehensive 
characterization is performed combining LEEM and LEED for structural characterization and PEEM 
(PhotoEmission Electron Microscopy) with synchrotron radiation for chemical and magnetic analysis 
via X-ray Absorption Spectroscopy and X-ray Magnetic Linear Dichroism (XAS-PEEM and XMLD-PEEM, 
respectively). While bulk NiO is antiferromagnetic and produces no circular dichroism due to the 
vanishing net moment, this is not necessarily true for the Fe3O4/NiO interface. Hereby we determine 
the spin axis orientation of NiO with nanometer spatial resolution and by comparing it with Fe3O4 
ferrimagnetic domain distribution we provide insight into their coupling. 

This research was funded by the SciMat Priority Research Area budget under the program "Excellence 
Initative - Research University" at the Jagiellonian University in Kraków - Grant No. 75.1920.2021 and 
by the Grants PID2021-124585NB-C31, PID2021-122980OB-C54 and TED2021-130957B-C54 funded by 
MCIN/AEI/10.13039/501100011033, by “ERDF A way of making Europe” and by the "European Union 
NextGenerationEU/PRTR". 
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The decoration of metal probe-tips by a molecule intentionally picked up from a surface has proven to 
be a powerful method to improve the measurement capabilities of a scanning tunneling microscope 
(STM). The success of this approach opens the prospect of introducing spin sensitivity through the tip 
functionalization by a magnetic molecule. We show here that a metallocene-terminated tip can probe 
surface magnetism through the inelastic component of the tunneling current, which provides an 
electrical access to the metallocene spin states. When the tip is 100 picometers away from point 
contact, the exchange interaction between the tip and a magnetic sample changes the metallocene 
spin states. This detection scheme can then be used to independently measure the sample exchange 
field and spin polarization with atomic-scale resolution with knowledge of spin orientation as we show 
on ultra-thin cobalt layers. 

 

Fig. 1. STM tip functionalized with a Nickelocene molecule. Below a Cobalt island grown on Copper which 
features an out-of-plane magnetization. 
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Single-ion magnets (SIMs) are molecular complexes containing only a single transition metal or 
lanthanide ion, which exhibit magnetic hysteresis of purely molecular origin without the need of long-
range magnetic order [1,2]. Organometallic lanthanide SIMs are a special class of these materials. In 
recent years, this field has seen much activity with the most prominent member being the record-
breaking, high-blocking-temperature dysprosocenium SIM [3,4].  

In this work we study two different sandwich-type erbium-based SIMs built from the anionic ligands 
cyclooctatetraenide (COT2-) and pentamethyl-cyclopentadienide (Cp*-), namely Cp*ErCOT [5] and 
[K(18-crown-6)]+ [Er(COT)2]- [6]. Our experiments on submonolayers of these SIMs on the Ag(100) 
surface using XPS, STM and polarized X-ray absorption spectroscopy reveal that despite their structural 
similarity they organize very differently on the surface. Furthermore, they exhibit entirely different 
magnetic anisotropies and hysteresis openings (cf. Fig. 1). The relationship between the magnetic, 
structural and adsorption properties will be discussed.  

 
Fig. 1. Magnetic hysteresis loops recorded at T = 3 K on 0.5 monolayers of (left) Cp*ErCOT and (right) Er(COT)2. 

The inset scheme depicts the experimental geometry with the black arrow denoting the incident X-ray beam. In 
the molecular ball-and-stick images hydrogen and the potassium crown ether counter ion are omitted (color 

code: grey: carbon; turquoise: erbium).  The magnetic anisotropy and the hysteresis opening are entirely 
different despite the structural similarity of both SMMs. 

 
[1]  D. Gatteschi, R. Sessoli, and J. Villain, Molecular Nanomagnets (Oxford University Press, 2006)  
[2]  J. Dreiser, J. Phys.: Condens. Matter 27, 183203 (2015). 
[3] C. A. P. Goodwin, F. Ortu, D. Reta, N. F. Chilton, and D. P. Mills, Nature 548, 439 (2017). 
[4] F.-S. Guo, B. M. Day, Y.-C. Chen, M.-L. Tong, A. Mansikkamäki, and R. A. Layfield, Science 362, 1400 (2018). 
[5] S.-D. Jiang, B.-W. Wang, H.-L. Sun, Z.-M. Wang, and S. Gao, J. Am. Chem. Soc. 133, 4730 (2011). 
[6] K. R. Meihaus and J. R. Long, J. Am. Chem. Soc. 135, 17952 (2013). 
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Over past few years the magnetism in two-dimensional (2D) materials has emerged as one of fast-
growing research fields, with many astonishing properties and future applications in spintronics, and 
optical communication [1]. The current research focuses on the transition metal phosphorous 
trichalcogenides semiconductors (MPX3, M=Mn, Ni, Fe, X=S, Se), which are layered antiferromagnetic 
semiconductors. These materials are stable in air and exhibit intriguing properties, such as predicted 
giant excitionic binding energies sensitive to the polarization of light as predicted by recent ab inito 
studies [2].  

In this study, we address following scientific questions: what mechanism sustains the long-range AFM 
ordering, and whether the type of magnetic arrangement can be manipulated? Here, we report a 
comprehensive theoretical ab initio results of the structural, electronic and optical properties of the 
series of MPX3 monolayers (M=Mn, Ni, Fe, and X=S,Se). We also present the results for alloy systems 
with magnetic [3] and nonmagnetic substitution [4]. In particular, for the AFM-Neel magnetic ordering, 
the inclusion of the spin-orbit interaction (SOI) causes an in-equivalency of the pair of valleys (K+,K-), 
resulting in sizable valley splitting, which can be tuned by the rotation angle of the spins. In the case of 
MnPS3, MnPSe3 and FePS3 monolayers, we have demonstrated that the band edge direct transitions 
are optically active and sensitive to the polarization of light. In addition, our results reveal an effective 
tuning of magnetic interactions and anisotropies in both MnPS3 and NiPS3 upon nonmagnetic 
substitution [4]. Finally, we highlight the importance of the structural anisotropy in monolayer of FePS3, 
resulting in local inversion symmetry breaking, leading to lifted spin degeneracy of K+/K- valleys, and 
two optically active transitions visible in experiments [5]. Such efficient engineering of the magnetism 
in MPX3 materials provides a suitable platform to understand the magnetism in thin samples. 

M.B. acknowledges support from the University of Warsaw within the project “Excellence Initiative-
Research University” program. Access to computing facilities of PL-Grid Polish Infrastructure for 
Supporting Computational Science in the European Research Space,  and of the Interdisciplinary Center 
of Modeling (ICM), University of Warsaw are gratefully acknowledged. We acknowledge ACK Cyfronet 
AGH (Poland) for awarding this project access to the LUMI supercomputer, owned by the EuroHPC Joint 
Undertaking, hosted by CSC (Finland) and the LUMI consortium through Pl-Grid organization (Poland), 
under the grant entitled: “Electronic, optical and thermoelectric properties of selected 
layered materials and selected heterostructures”. 
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Intermetallic compounds consisting of rare earth (RE) metals in combination with noble metals (NM) 
are a class of materials with specific properties that promise a wide range of potential applications. 
Here, the magnetic properties are defined by indirect interactions between RE atoms via the NM 
lattice. Limiting the dimensionality of such a system to 2D (so-called surface alloys) changes the nature 
of indirect coupling, for example, a GdAu2 surface alloy is ferromagnetic while in bulk this alloy is 
antiferromagnetic [1]. Recently we showed the formation of three different Gd-Pt surface alloys as a 
function of growth temperature and Gd coverage on Pt(111) substrate [2]. 

In this presentation, we give a summary of the structural composition and the electronic properties of 
the surface alloys, disclosed by a combination of scanning tunneling microscopy and spectroscopy 
(STM/S) and density functional theory (DFT) calculations. Our analysis will focus on the magnetic 
properties of the investigated systems probed using XMCD method. 
 
[1] M. Corso et al., Physical Review Letters, 1, 016101 (2010) 
[2] M. Przychodnia et al., Physical Review B, 3, 035416 (2022) 
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Among various functionalities, van der Waals heterostructures offer twistronic degree of freedom, 
which allows design of their electronic structure. Owing to proximity effects occurring in such systems, 
diverse physical phenomena can be explored, maximizing the potential for applications in modern 
spintronics. A highly promising class of heterostructures is constituted by monolayer transition metal 
dichalcogenides (TMDCs) combined with graphene [1]. Particularly interesting member of TMDCs 
group exhibiting outstanding properties is 1T-TaS2, as it develops a low-temperature charge density 
wave (CDW) phase profoundly changing the electronic properties compared to its normal phase [2]. 

In the paper we discuss the first-principles DFT/DFT+U calculations of the electronics properties of                           
1T-TaS2/graphene heterostructure with top and hollow stacking, aimed at description of the proximity-
modified band structure of graphene [3]. We develop and parametrize a symmetry-based tight-binding 
Hamiltonian, capable of reproducing well the DFT results for normal and CDW phase. In particular, we 
predict the substantial influence of the emergence of CDW on the Hamiltonian parameters, making  
CDW a convenient tuning knob useful to control the proximity effects in a way implementing twistronics 
without physical change of layers twist. The CDW degree of freedom can be reversibly controlled by 
thermal, optical or electric means. The proximity-induced terms include Rashba spin-orbit coupling 
with variable magnitude and Rashba angle, yielding tilted in-plane spin pattern; tuning of the 
mentioned parameters may be crucial for achieving efficient spin-charge conversion [4,5]. In addition, 
monolayer 1T-TaS2 is predicted to develop an in-plane magnetic polarization, constituting another 
source of controllable exchange effects in graphene, superimposing on the CDW fingerprint. Moreover, 
we demonstrate that auxiliary factor shaping the electronic structure and tuning the spin-orbit coupling 
parameters is perpendicular electric field, influencing the charge transfer occurring between graphene 
and underlying TMDC monolayer. 

K. Sz. acknowledges financial support provided by the National Science Centre (Poland) under Grant 
No. 2015/19/B/ST3/03142 and by University of Łódź under Grant No. 1/IDUB/DOS/2021. 
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Coupling between the localized plasmons at optical nanoresonators and the excitons of quantum 
emitters can be strong enough to drive the formation of hybrid light matter states named plexcitons, 
thus providing a handle for controlling single photon states. Scanning Tunnelling Luminescence should 
be an important technique to characterize exciton-plasmon interaction, since it allows for an atomic 
control of the cavity size and shape, and for a precise knowledge of the molecular geometry in the 
cavity. Our incomplete understanding on the fundamental processes leading to electron-tunnelling 
luminescence limits our progress towards fully exploiting the enormous potential of this experimental 
technique. 

For example, the effect of molecular adsorption on the plasmonic modes of the cavity has been 
previously characterized in several publications [1,2], but the results are difficult to reconcile. Light 
intensity was enhanced or suppressed, and the peaks were described to redshift or blueshift, 
depending on the molecule. These studies, however, did not consider the role of the electronic 
structure on plasmonic inelastic rates that we found and described recently in our group, not the 
normalization process that we have developed [3]. 

In this contribution, we will show that normalized spectra recorded with Pd-tetraphenylporphyrin (TPP) 
in the cavity are virtually indistinguishable of those of the bare cavity, which we attribute to the fact 
that the lowest energy optical transitions of Pd-TTP are in-plane polarized and, thus, cannot be coupled 
to cavity plasmons. On the contrary, when we use Fe-Cl-TTP, with out-of-plane optical transitions in the 
energy range of the cavity plasmons, the light intensity is significantly enhanced in molecule filled 
cavities. These results open a pathway to realize the promise brought by STML to the investigation of 
plasmon-exciton coupling at the nanoscale. 

 

 

Fig. 1. a) Molecular structure investigated here. b) STM image showing both molecules on Ag(11). C) As 
measured electroluminescence spectra. D) Normalized electroluminescence spectra. 

 
[1] F. Geng et al., Optics Express 20, 26725 (2012) 
[2] G Hoffmann et al., Phys. Rev. B 65, 212107 (2002) 
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Controlling the interaction between the excitonic states of a quantum emitter and the plasmonic 
modes of a nanocavity is key for the development of quantum information processing devices. In this 
contribution we demonstrate that the tunnel electroluminescence of electrically insulated C60 
nanocrystals enclosed in the plasmonic nanocavity at the junction of a scanning tunneling microscope 
can be switched from a broad emission spectrum, revealing the plasmonic modes of the cavity, to a 
narrow band emission, displaying only the excitonic states of the C60 molecules by changing the bias 
voltage applied to the junction. Interestingly, excitonic emission dominates the spectra in the high-
voltage region in which the simultaneously acquired inelastic rate is low, demonstrating that the 
excitons cannot be created by an inelastic tunnel process. These results point toward new possible 
mechanisms for tunnel electroluminescence of quantum emitters and offer new avenues to develop 
electrically tunable nanoscale light sources. 

 

 
Fig. 1. (Left panel) Tunnel electroluminescence spectra acquired on C60 islands on 2ML NaCl/Ag(111) (in color 
code) as a function of the bias voltage applied to the junction. Broad plasmonic modes are obtained for bias 

voltages below 3.3 V, whereas excitonic resonances are observed for higher bias voltages. (Right panel) Rate of 
inelastic transitions as a function of the energy loss and bias voltage as a function of the applied bias voltage, 

obtained from the I(V) curves. Comparison between both panels demonstrates that plasmonic emission is 
triggered by inelastic tunnel events, whereas excitonic emission is not. 

 
[1] A. Martín-Jiménez, Ó. Jover, K. Lauwaet, D. Granados, R. Miranda, R. Otero Nano Lett. 22, 9283–9289 (2022) 
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Strong light-matter interaction is seeing use in various fields such as in energy harvesting, nonlinear 
optics and modification of material-related properties or chemical reactions. Plasmonic 
nanostructures, due to their large cross section for interaction with light, are very efficient optical 
antennas even when small in size and are of great interest for hot carriers generation. Light absorption 
in metal particles is efficient, however, the lifetime of hot carriers is short. By strongly coupling to a 
nearby molecule we can modify the properties of these hot carriers. To investigate hot carrier 
generation and evolution in a strongly coupled system, we consider a magnesium nanoparticle 
interacting with a small molecule: CPDT. We present a TDDFT study to access the physics of nanoscale 
nanoparticle-molecule assemblies, predict vacuum Rabi splitting and get insight into the hot carriers 
generation. The overlap of spectral resonances leads to the creation of Rabi splitting [1]. The relative 
CPDT orientation with respect to the nanoparticle affects the coupling strength that is explained by the 
creation of different hybridized states, Fig. 1a. The electric field enhancement shows that in LP/UP 
coupled system, the CPDT molecules focus the electric field, depending on the molecular orientation, 
Fig. 1bc, which leads to modifying the cavity and, consequently, its vacuum field, Fig. 1d. We predict 
the energetic and spatial distributions of generate hot-carrier in nanoparticle-molecule systems and 
reveal the impact of strong coupling on the hot carrier distribution [2, 3]. To gain more insight into the 
impact of strong coupling on the hot carriers distribution, we have investigated the generation of hot 
holes and hot electrons in function of gap distance. At small distances the hot electrons are transferred 
from the excited CPDT to nanoparticle leaving hot holes created after electrons excitation arising from 
the energetic states hybridization between CPDT and Mg nanoparticle. For gaps larger than 5 Å, the 
hot carriers remain in the subparts of the system in which they were generated, what is caused by 
relatively weak interaction between these subparts for larger gaps. 

Support: National Science Center, Poland, project 2019/35/B/ST5/02477. Computations: 
Interdisciplinary Center for Mathematical and Computational Modelling, project GC84-51. 

 

Fig. 1. Figure caption below the figure (10 points, Calibri, centered). The caption of the figure is optional. Text 
should not wrap around figures or tables. 
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The motion of atoms is at the heart of any chemical or structural transformation in molecules and 
materials. Upon activation of this motion by an external source, several (usually many) vibrational 
modes can be coherently coupled, thus facilitating the chemical or structural phase transformation. 
These coherent dynamics occur on the ultrafast time scale, as revealed, e.g., by nonlocal ultrafast 
vibrational spectroscopic measurements in bulk molecular ensembles and solids. Tracking and 
controlling vibrational coherences locally at the atomic and molecular scales is, however, much more 
challenging and in fact has remained elusive so far.  Here, we demonstrate that the vibrational 
coherences induced by broadband laser pulses on a single graphene nanoribbon (GNR) can be probed 
by femtosecond coherent anti-Stokes Raman spectroscopy (CARS) when performed in a scanning 
tunnelling microscope (STM) [1]. In addition to determining dephasing (~ 440 fs) and population decay 
times (~1.8 ps) of the generated phonon wave packets, we are able to track and control the 
corresponding quantum coherences, which we show to evolve on time scales as short as ~ 70 fs. We 
demonstrate that a two-dimensional frequency correlation spectrum unequivocally reveals the 
quantum couplings between different phonon modes in the GNR. 

 

Fig. 1. a, Schematic illustration of time-resolved CARS of a GNR. b, Schematic illustration of impulsive excitation 
of a vibrational wavepacket in a GNR interacting with ultrashort broadband pump and Stokes pulses. c, 

Temporal variation of the spectral intensity of two different phonon modes. 

 
[1] Y. Luo, et al., Nat. Commun. Accepted (2023) 
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The light spectra radiated by nanocavities formed due to the tunnel junction between a Scanning 
Tunneling Microscope (STM) atomically sharp tip and a metal surface is inherently composed by the 
contribution of the localized plasmon de-excitation modes but also by the electronic structure 
properties of the system [1] . Using a fully experimental normalization procedure involving Scanning 
Tunneling Spectroscopy and Scanning Tunnelling Microscope Luminescence measurements, we are 
able to detach both contributions in order to further studying the luminescence properties of Ag(111) 
surface monoatomic step-edges. Our results show the emergence of a sharp drop of the plasmonic 
intensity within the step-edge which disappears in the normalized data. That means that the sudden 
variation of the light intensity is exclusively promoted due to electronic processes with the optical 
modes of the nanocavity remaining unchanged. 

 

 

 

 
Fig. 1.  – (Left Panel) STM image of an Ag 111 monoatomic step-edge measured at Vbias = 2.6V and It = 5pA. The 

line (6nm) crossing the monoatomic step edge represent the points where both light spectra and I(V) curves 
have been taken (Center Panel) Map representation of the raw light spectra collected from the tunnel junction 

as a function of the photon energy and tip position along the line drawn in left panel (Right Panel) Map 
representation of the normalized light spectra using raw light spectra and the rate of inelastic processes. 

 

 
[1] A. Martín-Jiménez, A. I. Fernández-Domínguez, K. Lauwaet, D. Granados, R. Miranda, F. J. García-Vidal, and R. Otero, 
Unveiling the radiative local density of optical states of a plasmonic nanocavity by STM, Nature Communications 11, 
10.1038/s41467-020-14827-7 (2020). 
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Scanning tunneling microscopy-induced luminescence (STML) is a powerful tool for studying 
photophysical phenomena of individual molecular emitters on surfaces such as exciton delocalization 
[1,2] or energy transfer [3,4] with unprecedented sub-nm resolution. A typical model system consists 
of a chromophore such as phthalocyanine adsorbed on a few layers of NaCl decoupling layer on metal 
which are sufficient to prevent the nonradiative quenching of the molecular excited state [5]. The 
exciton decay is observed as a fluorescence signal detected in the far field from the molecule located 
in the STM junction. The extreme enhancement of the electromagnetic field in the STM nanocavity 
allows to detect signals from single molecules. 

The understanding of exciton dynamics is crucial for improving organic light-emitting devices or for the 
potential utilization of excitons in quantum computing but is still a matter of controversy. 

First attempts to measure the lifetimes of exciton in the nanocavity suggested lifetimes of hundreds of 
picoseconds [6,7] but later studies pointed towards a transient charge state lifetime involved in the 
electroluminescence excitation process [8,9] and estimated the lifetime to be several orders of 
magnitude lower, due to the Purcell effect of the plasmonic nanocavity.  

Here we use the STM with picosecond optical excitation and detection capabilities to perform direct 
time-correlated single photon counting (TCSPC) using photoluminescence of single zinc- and 
magnesium-phthalocyanines (ZnPc, MgPc). With this technique, we could determine the upper limit of 
the lifetimes of the molecule in the tunable nanocavity and investigate the regime change between the 
micro-photoluminescence (μPL) and tip-enhanced photoluminescence (TEPL). 

 
[1]   Zhang, Y et al.,  Nature, 531, 623 (2016) 
[2]   Dolezal, J. et al., ACS Nano, 16, (2021) 
[3]   Imada, et al., Nature, 538, 364(2016) 
[4]   Cao, S. et al., Nat. Chem., 13, 766 (2021) 
[5]   F. Aguilar-Galindo et al., ACS Photonics 8, 3495 (2021)  
[6]   L. Zhang et al., Nat. Commun., 8, 580 (2017) 
[7]   J. Doležal et al.,  ACS Nano, 15, 7694 (2021) 
[8]   B. Yang et al., Nat. Photonics, 14, 693 (2020) 
[9]   K. Kaiser et al., arXiv:2211.01051 (2022) 

Wed-18:10-O-OPN

181



MOL
Organic Molecules & Molecular Architectures on Surfaces 
48 talks

1. Mon-10:30-I-MOL Monday, August 28 10:30 / 40 min Invited speaker

Wulf Wulfhekel
KIT 

Tripodal molecules as switches, rotors and single photon sources 

2. Mon-11:10-O-MOL Monday, August 28 11:10 / 20 min Regular talk

Tobias Weiss
Technical University of Munich, TUM 
School of Natural Sciences, Physics 
Department, Garching, Germany 

Self-assembly of intrinsically saddle-shaped molecules on noble metals 

3. Mon-11:30-O-MOL Monday, August 28 11:30 / 20 min Regular talk

Suchetana Sarkar
Technische Universitaet Dresden 

LT-STM induced reversible switching of thiophene based 
molecule on Au (111) 

4. Mon-11:50-O-MOL Monday, August 28 11:50 / 20 min Regular talk

Sofia Parreiras
IMDEA Nanoscience 

Engineering of a 2D Metal-organic Network Featuring a Large 
Unquenched Orbital Magnetic Moment 

5. Mon-12:10-O-MOL Monday, August 28 12:10 / 20 min Regular talk

Wun-Chang Pan
Physikalisches Institut, Experimentelle Physik II, 
Universität Würzburg, Am Hubland, D-97074 
Würzburg, Germany 

Molecular Architectures and electronic properties of 
5,14-ol-5,14-diborapentacyclo on noble metal surfaces 

6. Mon-14:00-I-MOL Monday, August 28 14:00 / 40 min Invited speaker

Szymon Godlewski
Jagiellonian University 

On-Surface Synthesis of Higher Acenes and Nanographenes 

7. Mon-14:40-O-MOL Monday, August 28 14:40 / 20 min Regular talk

Daniel Ebeling
Institute of Applied Physics, Justus Liebig 
University Giessen, Germany 

On-surface synthesis of organic nanostructures and molecules via 
scanning probe manipulation 

8. Mon-15:00-O-MOL Monday, August 28 15:00 / 20 min Regular talk

Rafał Zuzak
Centre for Nanometer-Scale Science 
and Advanced Materials, NANOSAM, 
Faculty of Physics, Astronomy and 
Applied Computer Science, 
Jagiellonian University, Łojasiewicza 
11, PL 30-348 Kraków, Poland 

On-surface synthesis with atomic hydrogen 

9. Mon-15:20-O-MOL Monday, August 28 15:20 / 20 min Regular talk

Wangwei Xu
EMPA 

Substrate-dependent magnetic properties of a non-hexagonal 
low-bandgap nanographene 

182



MOL
Organic Molecules & Molecular Architectures on Surfaces 
48 talks

10. Mon-15:40-O-MOL Monday, August 28 15:40 / 20 min Regular talk

Alisson Ceccatto
Instituo de Física Gleb Wataghin - Unicamp - 
Brazil 

On-Surface Synthesis of Two-Dimensional Coordinated Nanoporous 
Networks 

11. Mon-16:30-O-MOL Monday, August 28 16:30 / 20 min Regular talk

Piotr Cyganik
Jagiellonian University 

Electron irradiation of N-heterocyclic carbenes SAMs on gold 

12. Mon-16:50-O-MOL Monday, August 28 16:50 / 20 min Regular talk

Darius Günder
Philipps-University Marburg 

Patterned Growth of Organic Semiconductor Films by Electron 
Irradiation Induced F-Centers on Alkali Halide Substrates 

13. Mon-17:10-O-MOL Monday, August 28 17:10 / 20 min Regular talk

Martin Franz
Technische Universität Berlin, Institut für 
Festkörperphysik, Berlin, Germany 

Influence of the defect density on the ordering of an NHC monolayer 
on a silicon surface 

14. Mon-17:30-O-MOL Monday, August 28 17:30 / 20 min Regular talk

Ki-jeong Kim
Pohang Accelerator Laboratory, 
POSTECH 

Direct observation of chemical structure changes of butyl tin oxo 
cluster thin films upon extreme ultraviolet irradiation 

15. Mon-17:50-O-MOL Monday, August 28 17:50 / 20 min Regular talk

Daria M. Cegiełka
Jagiellonian University, Faculty of Physics, Astronomy 
and Applied Computer Science, Smoluchowski 
Institute of Physics 

Molecular engineering of technologically relevant surfaces - 
Carboxylic acids on naturally oxidized aluminum 

16. Mon-18:10-O-MOL Monday, August 28 18:10 / 20 min Regular talk

Yunjun Cao
Physical Chemistry I, Ruhr-Universität 
Bochum, Germany 

Electrophilic activation of water at a carbene-metal interface 

17. Tue-10:30-I-MOL Tuesday, August 29 10:30 / 40 min Invited speaker

Tadahiro Komeda
Tohoku University 

Electron Spin Resonance Measurement of an Adsorbed Single 
Molecule Magnet Terbium Phthalocyanine (TbPc2) 

18. Tue-11:10-O-MOL Tuesday, August 29 11:10 / 20 min Regular talk

Anna Rosławska
Université de Strasbourg, CNRS, IPCMS, UMR 7504, 
67000 Strasbourg, France/Max Planck Institute 
for Solid State Research, 70569 Stuttgart, 
Germany 

Submolecular-scale control of phototautomerization 
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19. Tue-11:30-O-MOL Tuesday, August 29 11:30 / 20 min Regular talk

Olga Molodtsova
DESY Hamburg 

Study of In-CuPcF4 nanocomposite by millisecond dynamic XPS 
and traditional PES and TEM 

20. Tue-11:50-O-MOL Tuesday, August 29 11:50 / 20 min Regular talk

Luca Persichetti
Dipartimento di Fisica, Universita di Roma ""Tor 
Vergata"" 

AlPc synthesis by spontaneous crossmetalation of ZnPc on Al(100) 

21. Tue-12:10-O-MOL Tuesday, August 29 12:10 / 20 min Regular talk

Grażyna Antczak
University of Wrocław 

Molecular Growth and Attenuation of Photoelectron Emission by 
a Single Organic Layer 

22. Tue-14:00-O-MOL Tuesday, August 29 14:00 / 20 min Regular talk

Viachelsav Kalinovych
Charles University, Faculty of Mathematics and Physics, 
Department of Surface and Plasma Science, V Holešovičkách 2, 
Prague, 18000, Czech Republic 

Bonding and Stability of the Phosphonate Group on the 
Polycrystalline Cerium Oxide: Effect of the Deposition 
Technique, Non-functional Group and Temperature 

23. Tue-14:20-O-MOL Tuesday, August 29 14:20 / 20 min Regular talk

Sascha Mehl
Elettra Sincrotrone Trieste 

Bonding of thymidine monophosphate on polycrystalline cerium oxide 
thin films studied by surface sensitive techniques 

24. Tue-14:40-O-MOL Tuesday, August 29 14:40 / 20 min Regular talk

Luca Camilli
University of Rome Tor Vergata 

Chalcogen bond at work on surface 

25. Tue-15:00-O-MOL Tuesday, August 29 15:00 / 20 min Regular talk

Carolina Mishell Ibarra-Barreno
University of Groningen 

Towards two-dimensional BNC architectures 
on metal surfaces from self-assembled 
monolayers 

26. Tue-15:20-O-MOL Tuesday, August 29 15:20 / 20 min Regular talk

Zdeněk Jakub
CEITEC - Central European Institute of 
Technology, Brno University of Technology, 
Czechia 

Atomically-defined, air-stable 2D metal-organic frameworks on 
graphene: how the support defines the system properties 

27. Tue-15:40-O-MOL Tuesday, August 29 15:40 / 20 min Regular talk

Óscar Jover Arrate
Universidad Autónoma de Madrid (UAM) 

Fullerene and Nanotube-like electronic states experimentally 
observed in [5,5]-C90 fullertube molecules. 
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28. Wed-10:30-I-MOL Wednesday, August 30 10:30 / 40 min Invited speaker

Willi Auwärter
Technical University of Munich 

On-Surface Synthesis of Extended and Heteroatom-Doped Polycyclic 
Molecules 

29. Wed-11:10-O-MOL Wednesday, August 30 11:10 / 20 min Regular talk

Tomasz Grzela
Poznan University of Technology 

On-surface metalation of salophene molecules with Dy on Au(111) 
substrate 

30. Wed-11:30-O-MOL Wednesday, August 30 11:30 / 20 min Regular talk

Maria Tenorio
IMDEA Nanociencia 

On-surface synthesis of bis(benzenehexol)lanthanide sandwiches: 
chemical, electronic, and magnetic properties. 

31. Wed-11:50-O-MOL Wednesday, August 30 11:50 / 20 min Regular talk

Bartosz Handke
AGH University of Krakow 

Surface-induced self-organization of phenyl silsesquioxane thin film 
as a template for metal/oxide nanostructures growth 

32. Wed-12:10-O-MOL Wednesday, August 30 12:10 / 20 min Regular talk

Agata Hochół
Department of Physical Chemistry, Faculty 
of Chemistry, Rzeszow University of 
Technology, Al. Powstańców Warszawy 6, 
35-959 Rzeszów, Poland 

Designing polyelectrolyte nanolayers formed by complex architecture 
polymers via surface initiated atom transfer radical polymerization 

33. Wed-14:00-O-MOL Wednesday, August 30 14:00 / 20 min Regular talk

Yuji Kuwahara
Osaka University, Department of Precision 
Engineering 

Stereochemical Recognition of thiaheterohelicene derivatives 
Investigated by STM and Raman scattering spectroscop 

34. Wed-14:20-O-MOL Wednesday, August 30 14:20 / 20 min Regular talk

Takuma Hattori
Department of Precision Engineering, Graduate 
School of Engineering, Osaka Univ. 

Optical properties of chiral PTCDI molecules investigated by 
STM-induced luminescence 

35. Wed-14:40-O-MOL Wednesday, August 30 14:40 / 20 min Regular talk

Vipin Mishra
Department of Chemistry, KU LEUVEN 

Large-scale prochiral 2D Covalent Organic Framework at the 
Solution-graphite surface 

36. Wed-15:00-O-MOL Wednesday, August 30 15:00 / 20 min Regular talk

Changqing Ye
Department of Precision Engineering, 
Graduate School of Engineering, Osaka 
University 

Theoretical study on stereo recognition of thiaheterohelicene on 
Ag(111) 
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37. Wed-15:20-O-MOL Wednesday, August 30 15:20 / 20 min Regular talk

Piotr Ślęczkowski
International Centre for Research on Innovative 
Biobased Materials (ICRI-BioM) – International 
Research Agenda, Lodz University of Technology 

Control of chiral nanostructures in thin films of supramolecular 
polymers for applications in optoelectronics 

38. Wed-16:30-O-MOL Wednesday, August 30 16:30 / 20 min Regular talk

Shabnam Naseri
Lulea university of technology 

Density-functional theory study of porphyrin adsorbed on Ag(111) 
surface 

39. Wed-16:50-O-MOL Wednesday, August 30 16:50 / 20 min Regular talk

Damian Nieckarz
Maria Curie-Skłodowska University 

Triangular X3 Halogen-Bonded Synthons at Play - Insights From 
Computer Simulations 

40. Wed-17:10-O-MOL Wednesday, August 30 17:10 / 20 min Regular talk

Jakub Planer
Central Europian Institute of Technology 

Ab-initio study of heteromolecular layers: 4,4'-biphenyl dicarboxylic acid 
with pentacene on Ag(100) 

41. Wed-17:30-O-MOL Wednesday, August 30 17:30 / 20 min Regular talk

Emil Sierda
Institute for Molecules and 
Materials, Radboud University, 
Nijmegen, The Netherlands 

Quantum simulator to emulate lower dimensional molecular structure 

42. Wed-17:50-O-MOL Wednesday, August 30 17:50 / 20 min Regular talk

Paweł Szabelski
Maria Curie-Skłodowska University 

Ullmann Coupling on Surfaces: Structure and Bonding from 
Computer Simulations 

43. Wed-18:10-O-MOL Wednesday, August 30 18:10 / 20 min Regular talk

Xiaocui Wu
University of Warwick 

Characterisation of Polymerisation Defects in Rigid Rod Conjugated 
Polymers: Electrospray Deposition Combined with High-Resolution Scanning 
Tunnelling Microscopy 

44. Thu-10:30-I-MOL Thursday, August 31 10:30 / 40 min Invited speaker

Remy Pawlak
University of Basel 

Probing charge-state, spin and vibrational excitations of radical 
molecules by low-temperature scanning probe microscopy 

45. Thu-11:10-O-MOL Thursday, August 31 11:10 / 20 min Regular talk

Min Hui Chang
Korea university 

Controlling Localized States of Magnetic Molecules on Au(111) by 
Metallic Adsorbates 
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46. Thu-11:30-O-MOL Thursday, August 31 11:30 / 20 min Regular talk

Jan Čechal
CEITEC - Central European 
Institute of Technology, Brno 
University of Technology, Czech 
Republic 

Tunable Work Function and Energy-Level Alignment by Partially 
Deprotonated Carboxylic Acid Layers on Silver 

47. Thu-11:50-O-MOL Thursday, August 31 11:50 / 20 min Regular talk

Noriyuki Tsukahara
National Institute of Technology, Gunma College and The 
Institute for Solid State Physics, The University of Tokyo 

Element-dependent growth of metal clusters on the 2D metal 
organic framework 

48. Thu-12:10-O-MOL Thursday, August 31 12:10 / 20 min Regular talk

Katarzyna Gajos
Jagiellonian University in Kraków 

TOF-SIMS examination of the dominant orientation of surface 
immobilized IgG antibodies: pH and surface density dependent 
studies 
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Tripodal molecules as switches, rotors and single photon 
sources 

 
W. Wulfhekel1 

 
1 Karlsruhe Institute of Technology (KIT), Germany 

 
Wulf.wulfhekel@kit.edu 

 

In single molecule electronics, a molecular function is realized by a functional group of the molecule. 
Often, the interaction with the conductive substrate, on which the molecules are deposited, are so 
strong, that the molecules adsorb flat and the orbitals of the functional group hybridize with the 
conduction electrons of the substrate and quench the function of the group. In order to avoid this 
quenching, we have developed a tripodal foot group that selectively binds to Au(111) and lifts the 
functional group away from the substrate. We will show three successful examples for this principle, 
realizing unquenched functions like a molecular switch, a molecular single photon source or a 
molecular motor. In all cases, the electronic structure of the functional group was isolated from the 
conduction electrons such that molecular dipoles, frontier orbitals of optical transitions or rotors are 
decoupled. In some cases, we also achieved vibrational decoupling of the functional group from the 
substrate evidenced by long lived vibronic states.    
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Self-assembly of intrinsically saddle-shaped molecules on noble 
metals 

 
T. Weiss1, J. Woods2, J. Deyerling1, K. Seufert1, P. Vezzoni1, D. Meier1, W. Zhao1, F. Allegretti1, M. 

Rickhaus2, W. Auwärter1 
 

1 Technical University of Munich, TUM School of Natural Sciences, Physics Department, Garching, 
Germany 

2 University of Zurich, Department of Chemistry, Zurich, Switzerland 
 

t.weiss@tum.de 

Self-assembly processes are of utmost importance for tailored molecular nanoarchitectures. The 
versatility of chemical functionalizations of molecular units allows access to a plethora of 
supramolecular systems. The underlying intermolecular interactions in these systems and, resulting 
properties can be affected by the shape of the molecules [1]. Recently, systematic efforts focus on the 
influence of molecular curvature on the self-assembled structures, via shape-assisted self-assembly. 
Under ambient conditions on surface and when dropcasted, saddle-shaped carpyridine molecules 
assemble in columnar structures on the micrometer scale, resulting from the intrinsic, non-planar 
shape of the molecule [2, 3]. Hence, shape-assisted self-assembly offers a promising opportunity for 
the design of extended materials. 

Here we present a surface science study where carpyridine molecules are probed on noble metal 
supports, namely Ag(111) and Au(111). Specifically, the 2H-Car-C2 species is characterized in ultra-high 
vacuum with low-temperature scanning tunneling microscopy and spectroscopy, X-ray photoelectron 
spectroscopy as well as near-edge x-ray absorption fine structure. The molecules adsorb parallel to the 
surface and assemble in ordered rectangular structures, as revealed by imaging with sub-molecular 
resolution(see Fig. 1). Moreover, the saddle shape of the molecules is characterized via NEXAFS. In 
contrast to the behavior in solution, the interaction of the molecules with the metal substrate has a 
crucial influence on the resulting self-assembled structures. Even in the second molecular layer, we did 
not observe evidence for commensurate columnar growth. Accordingly, this study provides 
unprecedented insight into intrinsically saddle-shaped molecules on noble metal supports. 

 

Fig. 1. STM image of 2H-Car-C2/Au(111) and schematic representation of two distinct adsorption configurations 

 
[1] Ishizuka, Tomoya et al., Chemical Society Reviews, 51, 7560pp (2022) 
[2] Woods, Joseph et al., Nature Communications, 13, 3681 (2022) 
[3] Woods, Joseph et al., 10.26434/chemrxiv-2023-whjkw 
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LT-STM induced reversible switching of thiophene based 
molecule on Au (111) 

 
S. Sarkar1, 2, K.H. Au-Yeung1, 2, T. Kuehne1, 2,  

and Francesca Moresco*1, 2 
 

1 Center for Advancing Electronics Dresden, TU Dresden, 01062 Dresden, 
Germany 

2Institute for Materials Science, TU Dresden, 01062 
Dresden, Germany 

 
*francesca.moresco@tu-dresden.de 

 

Advancements in nanoscale imaging techniques, such as Scanning Tunneling Microscopy and 
Spectroscopy (STM, STS), allows not only the addressing of single molecules individually, but through 
tunneling electrons/electric field stimulation with an STM tip, one can induce and study mechanical 
behavior and fundamental properties of molecules on surfaces. Here, we present a low temperature 
STM investigation of a prochiral thiophene-based molecule that self-assembles in large islands with 
different domains on the Au (111) surface. In these domains, two different conformations of the single 
molecule are observed, depending on a slight rotation of two adjacent bromothiophene groups. Using 
voltage pulses from the tip, the molecule is switched between the two conformations. The electronic 
states have been measured with scanning tunneling spectroscopy, showing that the electronic 
resonances are mainly localized at the same positions in both conformations. We are able to clarify the 
switching mechanism and energy entry port for the excitation responsible for the conformational 
change. Furthermore, we observe that on Ag (111) surface, only one configuration is present and 
therefore the switching effect is suppressed. 

  

 

 

 

 
 
[1] S. Sarkar et al., submitted 
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Engineering of a 2D Metal-organic Network Featuring a Large 
Unquenched Orbital Magnetic Moment 

 
S. O. Parreiras1, C. Martín-Fuentes1, J. I. Urgel1, V. Rubio-Giménez2, B. Muñiz-Cano1, D. 

Moreno1, K. Lauwaet1, M. Valvidares3, M. A. Valbuena1, P. Gargiani3, W. Kuch,4 J. Camarero1,5, 
J. M. Gallego1,6, R. Miranda1,5, J. I. Martínez6, C. Martí-Gastaldo2, D. Écija1 

 
1 IMDEA Nanoscience, Madrid, Spain 

2 ICMol, Universitat de València, Paterna, Spain 
3 ALBA Synchrotron Light Source, Barcelona, Spain 

4 Institut für Experimentalphysik, Freie Universität, Berlin, Germany 
5 IFIMAC, Universidad Autónoma de Madrid, Madrid, Spain 

6 ICMM-CSIC, Madrid, Spain 
 

sofia.oliveira@imdea.org 

 

Free transition metal atoms have high spin and orbital magnetic moments. However, in solids, the 
orbital moment is partial or totally quenched by crystal field effects. This quenching reduces drastically 
the magnetic anisotropy, that is associated to the orbital moment anisotropy. The reduction of the 
coordination of transition metals has been proposed as a route to achieve an unquenched orbital 
moment. 2D metal-organic networks on surfaces are promising candidates to reduce the coordination 
and stabilize a large orbital moment.  

On the other side, π-conjugated metal-organic networks have been attracting great attention since 
they can present exotic quantum phases of matter [1]. The conjugation also enhances the coupling 
between magnetic moments and can lead to antiferromagnetic ground-states [2]. The absence of stray 
fields and magnetic robustness of antiferromagnetic materials make them promising candidates to 
replace ferromagnets in the next generation of spintronic devices.  

In this work, we investigated the structural, electronic and magnetic properties of a π-conjugated 2D 
metal-organic network consisting of 2,3,6,7,10,11-hexahydroxytriphenylene (HOTP) molecules 
coordinated with Co atoms on Au(111). We performed a multidisciplinary study, combining scanning 
probe microscopy and spectroscopy, X-ray absorption spectroscopy, X-ray linear and X-ray circular 
magnetic dichroism [3]. Our results reveal a network based on three-fold Co+2 coordination displaying 
a large unquenched orbital magnetic moment with an orbital to effective spin moment ratio of 0.8, as 
also a large magnetic anisotropy with an in-plane easy axis. Furthermore, density functional theory 
complemented by a Hubbard model (DFT+U) predicts an antiferromagnetic ground-state, that is 
compatible with our experimental results. 
 
[1] Huang, X. et al., Angew. Chem. Int. Ed., 57, 146 (2018) 
[2] Hua, M. et al., J. Phys. Chem. Lett., 12, 3733 (2021) 
[3] Martín-Fuentes, C. et al., J. Am. Chem. Soc., 144, 16034 (2022) 
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Molecular Architectures and electronic properties  
of 5,14-ol-5,14-diborapentacyclo on noble metal surfaces 

 

W.-C. Pan1, J. Qi1, C. Mützel2, F. Würthner2 and M. Bode1   

 
1Physikalisches Institut, Experimentelle Physik II, Universität Würzburg,  

Am Hubland, D-97074 Würzburg, Germany 
2Institut für Organische Chemie & Center for Nanosystems Chemistry (CNC), Universität Würzburg, Am 

Hubland, D-97074 Würzburg, Germany  
 

wun-chang.pan@physik.uni-wuerzburg.de 

 

In recent studies [1, 2], heteroatoms-doped precursors have frequently been used to polymerize 
graphene nanoribbons with a large variety of structures or dopant heteroatoms.  Using cryogenic 
scanning tunneling microscopy, we investigated the structure of self-assembled 5,14-ol-5,14-
diborapentacyclo (CM218) on Cu(110), Cu(111), and Ag(111).  While the order is relatively poor on 
Cu(110) where only few molecular chains can be observed for the second molecular layer, much better 
ordered molecular clusters and two-dimensional islands are found on Cu(111) at very low and medium 
sub-monolayer coverage, respectively.   

The main focus of our study, though, is on CM218 on Ag(111), where we find that molecular clusters 
and chains coexist with molecular islands.  Topographic images of these honeycomb structures display 
a pronounced bias dependence.  Molecule-functionalized tips allow for high-resolution images of these 
structures for which we suggest structural models. We investigate the electronic properties by scanning 
tunneling spectroscopy and differential conductance mapping. 

 

  

Fig. 1. (a) STM topography of 5,14-ol-5,14-diborapentacyclo (DBPTCD) on Ag(111). (b) Zoom-in image (a) with a 
molecular functionalized tip shows the molecular orbital shape of the Kagome supramolecular structure. Inset is 
the comparison of STM topography and DFT calculated LUMO. (c,d) STM topographies of two typical Kagome 
supramolecular structure areas found on the same sample of (b), Scanning parameters:  (a) U = +1.0 V, I = 100 pA; 
(b) U = -100 mV, I = 300 pA; (c) U = -1.0 V, I = 500 pA; (d) U = -1.0 V, I = 800 pA (sample bias). 
 
[1] Q. Zhong et al., Nature Chemistry 13, 1133 (2021) 
[2] K. Sun et al., Nature Chemistry 15, 136 (2023) 
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On-Surface Synthesis of Higher Acenes and Nanographenes 
 

S. Godlewski1 
 

1 C entre for Nanometer-Scale Science and Advanced Materials, NANOSAM, Faculty of Physics, 
Astronomy and Applied Computer Science, Jagiellonian University, Łojasiewicza 11, PL 30-348 Krakow, 

Poland 

szymon.godlewski@uj.edu.pl 

 

In recent years we observe increasing interest in the atomically precise synthesis of single molecules. 
Among different families of species, acenes and nanographenes hold the special position. In particular 
a lot of effort is undertaken to achieve efficient synthetic strategies to generate such well-defined 
sections of graphene or graphene-like modules with diverse topological modifications. However, the 
reactivity/instability of numerous molecules as well as the insolubility of large polycyclic aromatic 
hydrocarbons limits the applications of conventional chemistry methods. An attractive alternative to 
the solution chemistry is based on its combination with the on-surface synthesis approach.  

Higher acenes are attracting considerable interest due to the predicted intriguing electronic properties. 
However, the instability quickly growing with the number of annulated rings makes their synthesis, 
detailed characterization and functionalization a very challenging task. Recently the on-surface 
chemistry approach has proven to provide the powerful pathway for the generation of the longest 
members of their family synthesised so far. Herein we present the on-surface generation of higher 
acenes (Fig. 1) as well as the detailed study of their electronic structure on the Au(111) surface [1-2].  

While the surface assisted synthesis approach has proven its effectiveness in the precise formation of 
new organic compounds one of the most challenging limitations arises from the deep dependence on 
the catalytic activity of the substrate. This makes the direct transfer to the technologically desired non-
metallic surfaces extremely challenging. In this talk we present our pathway for the synthesis of new 
molecular compounds on non-metallic surfaces [3-6] with prospects for circumventing the need to 
exploit the catalytic role of metallic surfaces. 

The research was supported by the National Science Center, Poland (2017/26/E/ST3/00855; 
2019/35/B/ST5/02666). 

 

Fig. 1. Non-contact atomic force microscopy image of nonacene on Au(111) [1]. 

 
[1] R. Zuzak, et al., ACS Nano,  11, 9321−9329 (2017) 
[2] R. Zuzak, et al., Angew. Chem. Int. Ed., 57, 10500 –10505 (2018) 
[3] M. Kolmer et al., Angew. Chem. Int. Ed., 52, 10300 –10303 (2013) 
[4] M. Kolmer et al., Chem. Commun., 51, 11276 –11279 (2015) 
[5] M. Kolmer et al., Science, 363, 57-60 (2019) 
[6] R. Zuzak et al., ACS Nano, 17, 2580-2587 (2023) 
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On-surface synthesis of organic nanostructures and molecules 
via scanning probe manipulation 

Qigang Zhong 1,2, Alexander Ihle1,2, Sebastian Ahles2,3, Hermann A. Wegner2,3,  
 André Schirmeisen1,2, and Daniel Ebeling1,2 

1Institute of Applied Physics, Justus Liebig University Giessen, Germany. 
2Center for Materials Research, Justus Liebig University Giessen, Germany. 

 3Institute of Organic Chemistry, Justus Liebig University Giessen, Germany. 

daniel.Ebeling@ap.physik.uni-giessen.de 

Constructing low-dimensional covalent assemblies with tailored size and connectivity is challenging yet 
often key for applications in molecular electronics where optical and electronic properties of the 
quantum materials are highly structure dependent. We present a versatile approach for building such 
structures block by block on bilayer sodium chloride (NaCl) films on Cu(111) with the tip of an atomic 
force microscope, while tracking the structural changes with single-bond resolution [1]. Covalent 
homo-dimers in cis and trans configurations and homo-/hetero-trimers were selectively synthesized by 
a sequence of dehalogenation, translational manipulation and intermolecular coupling of halogenated 
precursors. Further demonstrations of structural build-up include complex bonding motifs, like 
carboniodine-carbon bonds and fused carbon pentagons. Using scanning probe manipulation, we were 
also able to synthesize the structurally elusive molecule P3N3, an inorganic aromatic benzene 
analogue, which is difficult to obtain via traditional synthetic methods due to its high reactivity [2]. This 
work shows ways for synthesizing elusive molecules and organic nanoarchitectures, studying structural 
modifications and revealing pathways of intermolecular reactions. 

 
[1] Q. Zhong et al. Nature Chemistry 13, 1133 (2021) 
[2] Q. Zhong et al. (under review) preprint https://doi.org/10.21203/rs.3.rs-2169632/v1 
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On-surface synthesis with atomic hydrogen 

 

Rafal Zuzak1, Andrej Jančařík2, Andre Gourdon2, Marek Szymonski1, and Szymon Godlewski1 
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 On-surface reactions on the crystal surfaces provide methods for the production of atomically defined 
molecular nanostructures, which allows for the very precise determination of their physical and 
chemical properties. Due to the possibilities offered by on-surface synthesis, new methods of 
producing molecular nanostructures are constantly being sought.  
Here we demonstrate a method, where source of atomic hydrogen is used to tune the on-surface 
reaction of the synthesis of nanographene. By using atomic hydrogen it is possible to: clean the surface 
from the reaction by-products1, remove organometallic states2 or substitute heteroatoms inside the 
nanographene’s with atomic hydrogen1.  

The research was supported by the National Science Center, Poland (2019/35/B/ST5/02666)  

  
Fig. 1. Atomic hydrogen as a tool in on-surface synthesis of nanographene  

  
[1] R. Zuzak et al., On-Surface Synthesis with Atomic Hydrogen, ACS Nano, 14, 10, 13316–13323 (2020)  
[2] R. Zuzak et al., On-Surface Synthesis of Chlorinated Narrow Graphene Nanoribbon Organometallic Hybrids, . Phys. Chem. 

Lett. , 11, 24, 10290–10297 (2020)  
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Substrate-dependent magnetic properties of a nonhexagonal 
low-bandgap nanographene 

W. Xu1, Q. Huang2, C Zhao1, C. Pignedoli1, R. Fasel1, X Feng2 and P Ruffieux1 
1Nanotech@surfaces Laboratory, Empa - Swiss Federal Laboratories for Materials Science and Technology, 

8600 Dübendorf, Switzerland 
2Center for Advancing Electronics Dresden, Faculty of Chemistry and Food Chemistry, Technische  

Universität Dresden, Mommsenstrasse 4, Dresden 01062, Germany 

Wangwei.xu@empa.ch 

Recent advances in on-surface synthesis have provided a breakthrough in the production of magnetic 
nanographenes (NGs), which hold great promise as building blocks for constructing one-dimensional spin 
chains or two-dimensional spin lattices. Open-shell NGs are commonly achieved through zigzag edges, 
sublattice imbalance, or topological frustration [1-3]. However, an unexplored method to introduce 
magnetism in NG involves incorporating a non-hexagonal structure, thereby breaking its sublattice 
symmetry.   
Here, we report the on-surface synthesis of an open-shell non-hexagonal NG. The strain induced by the 
non-hexagonal structure leads to the loss of two methyl groups in the precursor during 
cyclodehydrogenation. This process results in the predominant formation of 3, which is characterized by a 
free-standing triplet ground state with a gap of less than 200 meV. The characterization of 3 was conducted 
using scanning tunneling microscopy, scanning tunneling spectroscopy, and atomic force microscopy. Our 
results demonstrate that 3 exhibits a charged singlet ground state on Au(111), which was further validated 
through hydrogen passivation and step-by-step tip activation of the radicals. The observed energy shift of 
3's molecular orbital on Ag(111) and TbAu2 suggests that 3 is a charge of -2e on these surfaces. In addition 
to the methyl-based synthesis of non-hexagonal NGs, we will present a synthesis approach allowing to 
achieve periodic pentagon-heptagon structures in graphene nanoribbons (GNRs). Starting from a precursor 
with hexagonal rings only, we achieve a periodic pentagon-heptagon arrangement through substrate-
assisted polymerization and subsequent dehydrogenative formation of non-hexagonal rings. Furthermore, 
we will describe the critical competition between halogen-dependent polymerization and 
cyclodehydrogenation to achieve the final target structure.   

  
Fig. 1. Schematic diagram of the on-surface synthesis approach and the substrate-dependent electronic 

 properties of 3.  
[1] Morita, Y., et al. Nature Chem, 3, 197–204 (2011) 

[2] Blackwell, R.E., et al. Nature, 600, 647–652 (2021). 

[3] Mishra, S., et al. Nat. Nanotechnol. 15, 22–28 (2020). 
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On-surface synthesis has been widely explored to prepare low-dimensional materials and control their 
functionality at the atomic and molecular levels [1]. A plethora of on-surface reactions can be employed 
to build such nanostructures, e.g., the C-H activation, Ullmann, and Sonogashira reactions, among others 
[2]. One of the main challenges is synthesizing a low-dimensional material with long-range and defect-free 
domains. Therefore, within the bottom-up methods, coordination chemistry has a noteworthy efficiency 
to build well-ordered metal-organic frameworks (MOFs) with such properties [3]. Herein, we investigate 
the adsorption of organic molecules with pyridyl end groups on Cu(111) using scanning tunneling 
microscopy (STM) and density functional theory (DFT). The honeycomb nanostructure formed during 
room temperature deposition of 1,3,5-tris[4-(pyridin-4-yl)phenyl]benzene) (TPyPB) is stabilized by the 
presence of Cu adatoms. The growth dynamics change upon adsorption on the surface at 400 K, trapping 
the molecules on the organic adlayer. The deposition of (1,3,5-tris[4-(pyridin-4-yl)-[1,1’-
biphenyl])benzene) (TPyPPB) at room temperature leads to vitreous structures, which rearrange upon 
annealing at 400 K. After annealing at 420 K a complex arrangement in a flower-like appearance 
comprising a mix of two- and three-fold coordinated Cu centers emerges. In addition, a honeycomb 
nanostructure is composed of low-defect and long-range domains. As observed in the smaller precursor, 
the hexagonal networks are stabilized only in the presence of Cu adatoms. Upon annealing, at 
temperatures above 420 K, a new phase emerges composed of high molecular density motifs, so-called 
diamonds.  
Acknowledgments: This work was financially supported by FAPESP (2021/04411-1), CNPq, and CAPES (627946/2021-
00). 
 
 

 
 
 
 
 
 
 
 
 
Figure – a) STM image of TPyPPB MOF on Cu(111). b) Corresponding DFT simulation. c) STM image for the Flower-like MOF.  
 
1. Fan, Q. et al. Accounts of Chemical Research 48, 2484–2494 (2015). 
2. Björk, J. et al. Journal of the American Chemical Society 135, 5768–5775 (2013). 
3. Yan, L. et al. Faraday Discussions. 204, 111-121 (2017). 
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Electron irradiation of self-assembled monolayers (SAMs) is a versatile tool not only for high-resolution 
classical lithography but also for surface modification of monolayers chemical functionality (chemical 
lithography), or creation of carbon nanomembranes (CNMs) with potential application in ultrafiltration 
and nanobiosensing. While the interactions between the electron beam and aromatic or aliphatic 
thiolate SAMs on gold have been well studied, the behavior of more complex systems such as N-
heterocyclic carbenes (NHCs), which are recently attracting growing attention due to their high 
chemical[1] and thermal stability[2,3], remains unknown. In the current work, we analyze the electron 
irradiation of SAMs on gold based on the series of NHC molecules featuring (i) different number of 
benzene moieties (0-2), and (ii) different side groups (methyl, isopropyl) and consequently different 
packing density[3]. The changes in monolayer thickness and composition are traced by X-ray 
photoelectron spectroscopy as a function of electron dose. Our results show that irradiated NHC SAMs 
resemble aromatic systems and cross-linking process could be observed. However, in contrast to thiols 
on gold[4] or carboxylic acids on silver[5], the molecule-substrate bond is strongly resistant to removal 
by electron irradiation. Finally, we investigate the possibility of creation of CNMs from series NHC SAMs 
examining the influence of molecules design on mechanical properties of nanomembranes. 
 
[1] Crudden et al., Nat Chem., 5, 409-414 (2014)  
[2] Krzykawska et al., ACS Nano, 5, 6043-6057 (2020) 
[3] Wróbel et al., ChemRxiv, (2023) 
[4] Yildirim et al., J Phys Chem C, 1, 567-576 (2017) 
[5] Kruk et al., J Phys Chem C, 17, 9310-9318 (2021) 
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In this study, a new approach is introduced to control structural properties of organic films. Combining 
AFM, SEM and XRD we demonstrate that electron irradiation induced F-centers (halide vacancies) on 
KCl(100) surfaces strongly influence the molecular orientation and epitaxial alignment of 
dinaphtothienothiophene (DNTT) thin films. Due to electrostatic interactions between F-centers and 
interfacial DNTT molecules, as validated by DFT calculations, DNTT molecules adopt a recumbent 
molecular orientation and form elongated fibers instead of hexagonally shaped island with upright 
molecular orientation present on pristine KCl. Interestingly, both morphologies exhibit epitaxial 
alignments that are understood by higher-order commensurabilities. By inducing F-centers only at 
defined surface regions, this F-center controlled growth is utilized to achieve laterally patterned DNTT 
films that are even transferable to other substrates by a wet transfer process [1]. 

 

 

Fig. 1. Scheme of the process chain that allows transfer of patterned organic films to any non-water-soluble 
substrate. 

 
[1] Günder et al., ACS Appl. Mater. Interfaces, 14, 46086-46094 (2022)  
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Silicon is the element of choice in semiconductor devices and a functionalization of silicon surfaces is 
highly desirable for electronic industries. N-Heterocyclic carbenes (NHC) have been demonstrated to 
be promising modifiers and anchors for surface functionalization, but so far mainly on metal surfaces. 
Only recently, the formation of ordered NHC monolayers on silicon was demonstrated [1,2]. 

Here, the adsorption behavior of cyclohexyl cyclic (alkyl)(amino)carbine (cyCAAC) molecules (see 
Fig. 1(a)) on the Si(111)(√3×√3)R30°-B surface is investigated using scanning tunneling microscopy 
(STM), low energy electron diffraction, and X-ray photoelectron spectroscopy.  

Surprisingly and quite unexpected on semiconductors, we find a self-limited, well ordered growth of a 
stable monolayer with large domains (see Fig. 1(b)). The overlayer is characterized by a 3×3 periodicity 
and an upright adsorption geometry of the molecules [2]. 

The defect density of the substrate thereby strongly influences the grade of ordering in the monolayer. 
While large ordered domains form on substrates with low defect densities, only much smaller domains 
are observed on high defect density substrates (see Fig. 1(c)). This shows that the initial adsorption of 
the molecules takes place on a defect site. In the studied material system the defect density of the 
substrate thus directly determines the domain sizes [2]. 

Moreover, the cyCAAC monolayer leads to a strong work function reduction and exhibits a good 
thermal stability demonstrating its functionalization capability. 

 

Fig. 1. (a) Structure of the cyCAAC molecule investigated in this work. (b) Overview STM image of the highly 
ordered cyCAAC monolayer on the low defect density substrate showing a 3×3 periodicity. (c) Overview STM 

image of the cyCAAC monolayer on a high defect density substrate showing much smaller domains. 

 
[1] M. Franz et al., Nat. Chem. 13, 828 (2021). 
[2] R. Zielinski, M. Das, C. Kosbab, M. T. Nehring, M. Dahne, N. Esser, M. Franz and F. Glorius, J. Mater. Chem. C, 2023, DOI: 
10.1039/D3TC00681F. 
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The importance of extreme ultraviolet(EUV) photoresist has been emphasized in the semiconductor 
industry and advanced experimental method are required to attain a fundamental understanding of 
the reaction mechanism in photoresists exposed to EUV irradiation. Soft X-ray spectroscopy is useful 
because it provides information about the chemical and elemental composition behavior of a 
photoresist before/after EUV irradiation. In the present work, scanning photoelectron microscopy 
(SPEM) is used to probe the change in the local chemical structure of a photoresist molecule, butyl-tin-
oxo-cluster (B-TOC, {(BuSn)12O14(OH)6}(O3SC6H4CH3)2) after EUV irradiation. We directly measured the 
change in elemental composition of the B-TOC as a result of EUV irradiation. 

 
Fig. 1. Local chemical analysis using SPEM on an EUV-patterned B-TOC sample after the sample was development 
using toluen. Here, the expousure level reached to 480 mJ/cm2. Survey spectrum I (blue) was recorded at a non-
EUV-irradiated area, and survey spectrum II (red) was recorded at an EUV-irradiated area. 
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Aluminum is a versatile, yet inexpensive metal that when covered by oxide layer might be employed as 
a gate dielectric in OFET devices, which carrier mobility could be enhanced by functionalization of 
dielectric by aliphatic carboxylic acid self-assembled monolayer (SAM)[1, 2]. Although the organization 
of such SAMs plays an important role for the OFET performance,[2,3] no systematical analysis of the 
impact of the preparation conditions on the quality of the carboxylate SAMs on aluminum oxide has 
been conducted so far, to the best of our knowledge. In the current work,[4] we analyze, by the example 
of heptadecanoic acid SAM, the influence of the three crucial factors (i.e., type of solvent, immersion 
time, and incubation temperature) on the quality of the monolayer prepared by the standard 
immersion procedure. Several complementary techniques (IRRAS, XPS, NEXAFS spectroscopy and 
water contact angle) are combined to demonstrate a critical role of solvent choice in terms of 
monolayer order, orientation, thickness, and wettability. The results indicate in particular that the high 
solubility hinders the creation of high-quality SAMs, probably due to the solvent molecules 
incorporation into the monolayer. Moreover, we show that, in contrast to archetypal thiol-based SAMs, 
raising the incubation temperature significantly increases the number of conformational defects in the 
carboxylate monolayers. As a result of this study, we propose and rationalize a set of parameters 
enabling to obtain densely packed and well-ordered carboxylate SAMs on naturally oxidized aluminum.  

 

 
 
[1] Horowitz et al., Adv Funct Mater., 14, 1069-1074 (2004)  
[2] Lang et al., Appl Surf Sci., 365, 364-375 (2016) 
[3] Lee et al., J Am Chem Soc., 130, 10556-10564 (2008) 
[4] Cegiełka et al., under review (2023) 
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Carbene represents a class of reactive intermediates whose lone pair electrons and vacant orbitals 
exhibit multifaceted reactivity towards small molecules such as oxygen, hydrogen, and water. Though 
water activation by carbenes is of synthetic importance, the product is limited to carbenium ions in 
conventionally employed environments such as solutions or cryogenic matrices [1,2]. For such a 
nucleophilic activation of water, only the lone pair electrons of the carbene center are involved.  

One way to control the carbene reactivity towards water is by tuning the microenvironment of carbene 
centers, such as introducing metal coordination. However, due to the strong interaction, it was 
demonstrated that the reactivity of a fluorenylidene carbene is quenched upon adsorption on an 
Ag(111) surface [3]. Only before binding to the Ag(111) surface, the fluorenylidene carbene is allowed 
to react with water to form a fluorenyl cation [4]. 

In this talk, I will present how to tune the reactivity of an aryl carbene, diphenylcarbene, by controlling 
the vacant orbital of the carbene centers through bonding to copper atoms. Electrophilic activation of 
water is achieved at the carbene-metal interface. An unprecedented type of reactive intermediate, the 
hydroxy-diphenylmethanide carbanion, is unambiguously identified by combining low-temperature 
scanning tunneling microscopy (LT-STM) and infrared reflection absorption spectroscopy (IRRAS). 

 
[1] Costa, P., Fernandez-Oliva, M., Sanchez-Garcia, E., Sander, W. J. Am. Chem. Soc. 136, 15625-15630 (2014). 
[2] Costa, P., Trosien, I., Fernandez-Oliva, M., Sanchez-Garcia, E., Sander, W. Angew. Chem. Int. Ed. 127, 2694-2698 (2015). 
[3] Mieres-Perez, J., Lucht, K., Trosien, I., Sander, W., Sanchez-Garcia, E., Morgenstern, K., J. Am. Chem. Soc. 143, 4653-4660 
(2021). 
[4] Cao, Y., Mieres-Perez, J., Lucht, K., Ulrich, I., Paul, S., Sanchez-Garcia, E., Morgenstern, K., Sander, W., J. Am. Chem. Soc. DOI: 
10.1021/jacs.2c12274 
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The application of magnetic molecules to the materials of the devices for the quantum information 
process attracts attention. It is critical to make the sharp spin state of the molecule coupled efficiently 
with the electric current and substrate. The double-decker phthalocyanine complex of 
bis(phthalocyaninato)terbium(III) (TbPc2) molecule showed intriguing single-molecule magnet (SMM) 
behavior, which was demonstrated to be served after transferred on the substrates of Cu(100)[1].   

A scanning tunneling microscope and spectroscopy (STM/STS) are employed to examine the structural 
configuration and the spin state. The experiment was done in UHV conditions at the temperature of 
400 mK. RF signal and outer magnetic field are introduced to the tunneling junction between the spin-
polarized tip and the Cu(100) substrate. NaCl film of several monolayers is inserted as a thin interface 
layer. 

The schematic illustration is in Fig. 1, with STM images of the TbPc2 molecule. As shown in Fig. 1(d), a 
sharp resonance feature is observed as an enhancement of the tunneling current. As shown in Fig. 2, 
the resonance condition shows a Zeeman condition with g~2.0 representing the Pc ligand's delocalized 
unpaired π orbital spin. 

 

 

Fig 1: (left) (a) Schematics of ESR-STM. (b) Single-molecule magnet TbPc2 film and (c) isolated TbPc2 on 
NaCl film. Fig. 2 (right) (a) Enhanced tunnelling current at the resonant condition of RF signal and the magnetic 

field. The RF frequency at the resonant condition shifts with the magnetic field, which is summarized in (b). 

 
[1] Kawaguchi, Komeda et al., Nano Lett., 23, 213-219 (2023). 
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Photochemistry plays a central role in fundamental natural and artificial reactions such as 
photosynthesis, photocatalysis, or phototautomerization. Here, we demonstrate that using a tunable 
light source focused on a scanning tunneling microscope (STM) tip we drive and control the rate of a 
free-base phthalocyanine (H2Pc) phototautomerization with sub-molecular precision, providing a path 
to pilot the intrinsic reactivity of the molecule with an external controllable stimulus. In addition, we 
probe the excited state of the molecule, which drives the tautomerization, by recording tip-enhanced 
photoluminescence (TEPL) spectra and maps where varying patterns for non-resonant and resonant 
excitation conditions are observed. These TEPL maps reflect different atomic-scale coupling between 
the localized plasmonic fields and the transition dipole moment of the molecule [1] influenced by the 
hydrogen switching process. Such sub-nanometric control can be used to study other photochemical 
processes with nearly atomic precision and will be beneficial for site-selective photochemistry 
potentially providing access to previously unavailable chemical compounds [2]. 
 
[1] Rosławska, Anna et al., Phys. Rev. X, 12, 011012 (2022). 
[2] Rosławska, Anna et al., submitted. 
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The emergence and development of molecular electronics have drawn particular attention to 
molecular semiconductors, such as metal phthalocyanines. They have unique properties and are 
technologically advanced in the production of films. Using ultrathin films as a matrix, it is possible to 
create organometallic composites containing metal nanoparticles self-assembled in an organic matrix. 
The technologies for creating the described nanocomposites are quite simple and relatively cheap; 
therefore, such materials can take a prominent place in practical use in various electronic devices. 
However, despite the growing interest in hybrid systems, numerous questions about their properties 
and the processes that occur during their formation still remain unanswered. For example, interfacial 
phenomena can radically change the electronic properties of organic wide-gap matrices. It should also 
be noted that the processes of formation of organometallic interfaces in the manufacture of hybrid 
organo-inorganic systems proceed quickly. Therefore, the recording of experimental data in a dynamic 
mode could reveal additional properties of these materials that are important for electronics. Thus, 
Figure 1 shows the evolution of the spectra of core levels C 1s, N 1s, and In 3d 5/2, recorded directly 
during the deposition of indium on the CuPcF4 surface under ultrahigh vacuum conditions. A detailed 
description of the experiments can be found in [1, 2]. 

Fig. 1. Evolution of the spectra of core levels (a) C 1s, (b) N 1s, and (c) In 3d 5/2 recorded in the millisecond 
interval directly during the deposition of indium on the CuPcF4 surface under ultrahigh vacuum conditions. 

 
[1] O. V. Molodtsova et al., Appl. Surf. Sci., 546, 149136 (11) (2021) 
[2] V. Yu. Aristov et al., J. Surf. Invest.: X-Ray, Synchrotron Neutron Tech., 15 (6) 1129-1132 (2021) 
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Central atoms in phthalocyanines (Pcs) take part in the interaction of the molecule with metal substrates and 
their specific role in such interaction is an important topic of investigation. Pcs, such as porphyrins, corrins 
and corroles can be synthetized with different metals in the center of the ring. In particular, the macrocycle 
of Pcs can host over 70 metal ions into its center [1]. 

However, as in the other porphyrins, if the central atom is trivalent, an axial substituent is necessary to 
stabilize the molecule. This is the reason why it is possible to buy a commercial ClAlPc, but AlPc is unstable in 
air. In recent years, AlPc has been synthetized via interface reactions. For example, it has been shown that, 
after the sequential deposition of H2Pc and Al atoms on Au(111), some of the H2Pcs spontaneously metalate, 
forming AlPc [2]. A different procedure consists in the dechlorination of ClAlPc deposited on Pb(100) by 
thermal annealing to 470 K [3]. Another interface reaction paths involving central atoms is the substitution 
of the central atoms with an atom from the substrate. In literature, it has been shown, for example, that AgPc 
can be obtained from H2Pc deposited on Ag(110) by spontaneous metalation [4], while on Ag(111) the 
process needs to be triggered by a scanning tunneling microscope (STM) tip [5]. However, the synthesis of 
AlPc by spontaneous crossmetalation with metal substrate atoms was never observed so far. Here, we 
demonstrate that AlPc is spontaneously formed by ZnPc when the latter is deposited on Al(100). Following a 
spontaneous crossmetalation path, Zn central atoms are in fact replaced with an Al atom from the substrate. 
We investigate this process by combining experimental results obtained by X-ray photoelectron spectroscopy 
(XPS) and low-temperature STM with ab-initio calculations. Density functional theory (DFT) indeed shows 
that the crossmetalation process occurs without any energy barrier, releasing 2 eV per molecule. Finally, we 
investigated the electronic properties of AlPc on Al(100) by ultra-violet photoelectron spectroscopy (UPS) and 
scanning tunneling spectroscopy (STS). 

 

 

Fig. 1. STM image of AlPc resulting from crossmetalation of ZnPc on Al(100). 
[1] R. R. Cranston and B. H. Lessard, RSC Advances 11, 21716 (2021). 
[2] I. P. Hong et al., Chemical Communications 52, 10338 (2016). 
[3] C. Li, J. Homberg, A. Weismann, and R. Berndt, ACS Nano 16, 16987 (2022). 
[4] L. Smykalla, P. Shukrynau, D. R. T. Zahn, and M. Hietschold, The Journal of Physical Chemistry C 119, 17228 (2015). 
[5] A. Sperl, J. Kröger, and R. Berndt, Angewandte Chemie International Edition 50, 5294 (2011). 
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The structural and electron properties of organic-metal interfaces are important for the performance 
of devices with an active organic layer. Phthalocyanines (Pc) intensively studied in the field of organic 
electronics. Here we present investigations of the structural and electronic properties of cobalt-
phthalocyanine (CoPc) thin-films grown on Ag(100) surfaces. We performed the study using two 
complementary techniques: photoelectron emission microscopy (PEEM) with a mercury lamp as 
excitation source and the Anderson method [1]. We identify various stages of CoPc growth [2] by 
analyzing the evolution of the standard deviation of the electron yield across the PEEM images during 
the molecular growth and confirm a Stranski-Krastanov growth mode. Surprisingly, the molecular 
wetting layer is three layers thick. In addition, we show that the first and second molecular CoPc layer 
on Ag(100) have precursors in the form of a 2D molecular gas. The third CoPc layer grows without 
precursor.   

We correlate the evolution of the mean electron yield obtained with PEEM for coverages up to two 
molecular layers of cobalt-phthalocyanine with the global work function changes measured with the 
Anderson method [4] using the Fowler-DuBridge theory [3], as shown in the Figure 1. We find the 
discrepancy between the transients measured with the Anderson method and those obtained with 
PEEM after the completion of the second molecular layer. Taking advantage of the fact that the  layer-
by-layer growth continues up to the third layer, we estimate the attenuation of the electron flux by the 
third molecular layer. In this way we quantitatively determine the inelastic mean free path of the low-
energy electrons as they pass through a single molecular layer.  

The authors gratefully acknowledge the financial support from the following projects: Austrian Science 
Fund (FWF): P24528-N20, Austrian Science Fund (FWF): P28216-N36, and Austrian Exchange Service 
(OeAD): PL 13-2018. G.A. acknowledges the partial support of the University of Wrocław through the 
program ‘Excellence Initiative Research University’ for the years 2020−2026.  

Fig. 1. Growth of CoPc on Ag(100) at RT: Evolution of the work function changes determined with the Anderson 
method and from electron yield  measured in PEEM 

[1] A. Sabik, F. Gołek, G. Antczak, Review of Scientific Instruments 86, 056111 (2015).  
[2] T. Wagner et. al, Ultramicroscopy 233, 113427 (2022).   
[3] L. A. DuBridge, Physical Review 39, 108-118 (1932); L.A. DuBridge, Physical Review 43, 727-741(1933); R. H. Fowler 

Physical Review 38, 45-56 (1931).  
[4] T. Wagner et al, ACS Appl. Mater. Interfaces 14 23983−23989 (2022).  

Tue-12:10-O-MOL

209



Bonding and Stability of the Phosphonate Group on the 
Polycrystalline Cerium Oxide: Effect of the Deposition 
Technique, Non-functional Group and Temperature  

V. Kalinovych1, L. Piliai1, Y. Kosto 1, S. L. Mehl2, T. Skála1, I. Matolínová1, K. C. Prince2, N. 
Tsud1 

1 Charles University, Faculty of Mathematics and Physics, Department of Surface and Plasma Science, V 
Holešovičkách 2, Prague, 18000, Czech Republic 

2 Elettra-Sincrotrone Trieste S.C.p.A., in Area Science Park, Strada Statale 14, km 163.5, Basovizza 
(Trieste), 34149, Italy 

 
Email address of corresponding author kalinovych.viacheslav@gmail.com 

In this work, we studied the adsorption and stability of the phosphonate group (R-PO(OH)2) on 
polycrystalline cerium oxide as a function of such parameters as deposition technique, non-functional 
group (R) and thermal treatment.  

The effect of the non-functional group was investigated using two molecules with similar structure 
phenylphosphonic acid (PPA) (Fig. 1a), consisting of phenyl ring and phosphonate group, and 
hexylphosphonic acid (HPA) (Fig. 1a), consisting of 6 C atoms alkyl chain and phosphonate group. Two 
deposition methods were compared, molecular deposition in ultra-high vacuum using the Knudsen cell 
(for PPA only) and deposition from methanol solution. The changes in the stability and bonding of the 
phosphonate group were studied in the temperature range 25 °C - 450 °C. All the systems were 
characterized by resonance photoelectron spectroscopy, X-ray photoelectron spectroscopy and near-
edge X-ray adsorption fine structure spectroscopy.  

The result of that experiment demonstrates that: 

- PPA and HPA bind to the surface through the phosphonate group in tridentate geometry 
independently of deposition technique and non-functional group.  

- The phosphonate group on CeO2 is more stable for adlayers deposited from methanol solution 
(Fig. 1 b). PPA deposited in UHV desorbs/decomposes constantly upon annealing (Fig.1. b, c 
red line). While PPA deposited from solution demonstrates higher stability up to 400 °C (Fig.1. 
b, c blue line).  

- The stability of the phosphonate group is affected by the non-functional group of a molecule. 
HPA with an alkyl chain (Fig. 1. green line) is less stable than PPA deposited from methanol 
solution and decomposes/desorbs after 225 °C. 

The Grant Agency of Charles University in Prague (project 314123) is acknowledged for financial 
support. 

 

Fig. 1. a) Phenylphosphonic acid and hexylphosphonic acid; signal intensity evolution of b) P 2p and c) C 1s core 
levels measured using 230 eV and 410 eV photon energy, respectively. 
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Cerium oxide is a suitable material for DNA-functionalized biosensors for a broad range of analytes like 

complementary DNAs, proteins or smaller molecules with its outstanding optical and electrical 

properties [1-5]. In this study we explored the electronic structure and adsorption geometry of the 

nucleotide thymidine monophosphate (TMP) adsorbed on compact polycrystalline cerium oxide 

surfaces by means of synchrotron radiation photoelectron spectroscopy (SRPES) and X-ray absorption 

spectroscopy (XAS). TMP was successfully deposited from aqueous solution ex situ in an inert 

atmosphere of the glove bag. This was the first time that a model study of TMP on cerium oxide was 

carried out. C 1s core level spectra (see Fig. 1) clarified that the biomolecule remained intact on the 

surface after deposition. N 1s core level spectra (see Fig. 1) look similar to already published N 1s spectra 

of TMP on Al2O3, studied together with density functional theory calculations, for which an adsorption 

mode via phosphate group and carbonyl groups were concluded [6]. Although the bonding via 

deprotonated nitrogen atom of thymine cannot be excluded, according to our previous results for the 

thymine/CeO2 system. Thermal stability was probed by means of SRPES and sample annealing up to 250 

°C, whereby TMP tends to decompose at around 150 °C. Resonant photoelectron spectroscopy has also 

shown that TMP adsorption on CeO2 was accompanied by surface reduction during thermal treatment.  

  

Fig. 1. C 1s (hv= 410 eV) and N 1s (hv= 475 eV) spectra recorded at 25 °C for thymine (T), thymidine (dT) and 

thymidine monophosphate (TMP) deposited from aqueous solution on compact CeO2 films obtained by SRPES.  

[1] Mo et al., International Journal of Biological Macromolecules, 151, (2020)   

[2] Liu et al., Trends in Analytical Chemistry, 121, (2019)  

[3] Lu et al., Chemical Review, 109, 2 (2009)   

[4] Liu et al., Chemical Review, 117, 9 (2017)   

[5] Takada et al., Accounts of Chemical Research, 48, 12 (2010)   

[6] Calais et al., Journal of Physical Chemistry C, 119, 41 (2015)  

Tue-14:20-O-MOL

211



Chalcogen bond at work on surface 
 

L. Camilli1, L. Persichetti1, Antonio Caporale1, Maurizia Palummo1 (University of Rome 

Tor Vergata), Conor Hogan2 (National Research Council), Deborah Romito3, Davide 

Bonifazi (University of Vienna)3 
 

1 Physics Department, University of Rome Tor Vergata, via della Ricerca Scientifica 1, Rome, Italy 
2 Institute of Structure of Matter, National Research Council of Italy, via della Ricerca Scientifica 1, 

Rome, Italy 
3 Institute of Organic Chemistry, University of Vienna, Währinger Strasse 38, Austria 

 
luca.camilli@roma2.infn.it  

 

Larger molecular architectures can be formed on surfaces via a bottom-up strategy starting from 
smaller individual building blocks. Consequently, it is possible to finely tune the final molecular 
architectures’ morphology and properties by ad hoc engineering such individual building blocks. 
Clearly, strong interactions are necessary for stabilizing these architectures. Among these, halogen 
bonding is currently the most common SIGMA-hole interaction that can be found in the literature [1]. 
However, very recent theoretical studies have suggested chalcogen bonding as a valuable alternative 
[2, 3].  

Here we demonstrate on-surface synthesis of such molecular architectures via formation of chalcogen 
bonds. Ad hoc monomers have been synthesized and then sublimated in ultra-high vacuum conditions 
on an Au(111) substrate. These monomers diffuse on the substrate surface and form dimer structures 
in which the individual monomers are held together via chalcogen bonds. The polymerization reaction 
was studied experimentally by means of scanning tunnelling microscopy (STM), whereas density 
functional theory (DFT) has been used to simulate the STM images, to compute the interaction energy 
of two monomers and to investigate the dimer/substrate interaction. Bond-resolved STM (BRSTM) 
images have also been acquired that unequivocally confirm the geometrical configuration of the 
dimers. 

 

Fig. 1. BRSTM image of a dimer with double Se—N coordination (upper panel) and its geometrical model on an 
Au(111) substrate as optimized by DFT calculations (lower panel). Green balls represent Se atoms; cyan balls N 

atoms; grey and white balls C and H atoms respectively.  

 
[1] J. Teyssandier et al., ChemistryOpen. 9, 225 (2020) 
[2] B. Ren et al., Chemical Physics, 565, 111763 (2023) 
[3] S. Scheiner et al. J. Phys. Chem. A, 126, 4025 (2022) 
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Graphene is a two-dimensional material with sp2-hybridized carbons in a honeycomb arrangement that 

shows extraordinary properties such as high tensile strength, extraordinary mechanical stiffness, high 

electron mobility and transparency [1]. However, graphene has no bandgap, which is a limitating factor 

for using it in electronic devices [2]. Opening of a band gap can be achieved by heteroatom doping. 

Methods based on molecular self-assembly can lead towards an efficient tailored synthesis of doped 

graphene for specific applications, depending on the molecular precursor. Here we aim to synthesize 

doped graphene using borazine derivatives (introducing a boron-nitrogen ring in the place of an 

aromatic carbon cyclic) [3]. The molecular precursor containing isolated boron-nitrogen rings is 

deposited on a Cu substrate by self-assembly, then the self-assembled monolayer is polymerized by 

using UV light to prevent sublimation when thermally converting them into a (doped) graphene layer. 

Here we show the first results by X-ray photoelectron spectroscy (XPS) and describe the difficulties 

encountered in realizing a specific doping depending on the precursor and in developing 2D 

boronnitrogen-carbon materials with reproducible and fine-tuned properties for optoelectronic 

devices.  

[1] Benhamou,  M.  (2013).  Advances  in  Carbon  Nanomaterials:  Science  and  Applications,  by  Nikos  Tagmatarchis.  
[2] Novoselov,  K.  S.  (2012).  A  roadmap  for  graphene.  Nature,  192-200.   
[3] Bonifazi, D. F.-G. (2015). Boron–nitrogen doped carbon scaffolding: organic chemistry, self-assembly and materials 
applications of borazine and its derivatives. Chemical Communications, 15222-15236.  
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The functionality of 2D metal-organic frameworks (MOFs) crucially depends on the local environment 
of the embedded metal atoms, and such details are best ascertained on 2D MOFs supported on 
atomically flat surfaces.  Here, we present three systems which are well-defined at the atomic-scale, 
decoupled from the metal support and stable both in ultrahigh vacuum and in ambient conditions: M-
TCNQ (M = Ni, Fe, Mn) supported on epitaxial graphene/Ir(111). We show that these systems are 
monophase with M1(TCNQ)1 stoichiometry, and we demonstrate their remarkable chemical and 
thermal stability [1]. Furthermore, by a combined experimental and computational approach we study 
the differences between MOF systems supported on graphene and on Au(111), the prototypical surface 
for on-surface synthesis. We show that the Fe-TCNQ on graphene is non-planar with iron in quasi-
tetrahedral sites, but on Au(111) it is planarized by stronger van-der-Waals interaction [2]. Combined 
with the distinct energy level alignment with the supports, this results in significant differences in the 
2D MOF properties on these two surfaces. Our results outline the limitations of common on-surface 
approaches using metal supports and show that the intrinsic 2D MOF properties can be partially 
retained on graphene. The modular M-TCNQ/graphene system combines the atomic-scale definition 
required for fundamental studies with the robustness and stability needed for applications, thus we 
consider it an ideal model for research in single atom catalysis, spintronics or high-density storage 
media. 

 
 
[1] Jakub, Z., Kurowská, A. et al., Nanoscale, 14, 9507-9515 (2022)  
[2] Jakub, Z., Shahsavar, A. et al. (submitted, in review)  
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Fullertubes, defined as a carbon nanotube moiety capped by hemifullerene ends, have emerged as 
new and promising carbon structure whose properties are expected to show both fullerene and carbon 
nanotube traits. Although there might be expected electronic states with resemblance to those of the 
extended CNT, such correlation has not yet been described. Here we show an STM and STS 
characterization of the adsorption, self-assembly and electronic structure of two-dimensional arrays 
of [5,5]-C90 fullertubes on Ag(111) and Au(111). Our results demonstrate that the shape of the MO’s 
of the adsorbed molecules corresponds closely to those expected for isolated species on the grounds 
of DFT calculations. Moreover, comparison between the electronic density profiles in the bands of the 
extended [5,5]-CNT and C90 reveals that some of the frontier orbitals of the [5,5]-C90 can be described 
as the result of the quantum confinement imposed by the hemifullerene caps to the delocalized 
valence and conduction band states in the extended CNT. Our work thus provides a conceptual 
framework for the rational design of custom fullertubes with new and interesting electronic behavior 
and can potentially become a cornerstone in our understanding of these new carbon nanoforms.  

 
a) Mean dI/dV curves recorded on C90 fullertubes area adsorbed on Ag(111) and Au(111). Both curves show 

similar spectral distribution with peaks positions shifted with respect to each other. STM images for each 
peak’s energy observed in (a) (red-orange scale images) correspond well with the areas in which the calculated 
wave functions of HOMO, LUMO, LUMO+1 and LUMO+2 of isolated molecules shows the topmost lobes (grey-
blue scale images). As an addition calculated 2D maps of the wave-function modulus at a given height over the 

molecular axis (red-blue scale images). 
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On-surface chemistry protocols on metal supports provide elegant routes to individual molecular 
complexes, oligomers, and advanced architectures with distinct structural, physical, and chemical 
properties [1,2]. In this context, porphyrins represent versatile precursors for introduction of nitrogen 
and other heteroatoms, as well as metal centers, into structures achieved via ring-closing or ring-
opening reactions [3]. 

In this presentation, I will introduce our efforts towards the fabrication of atomically precise, surface-
supported molecular nanostructures and two-dimensional materials in ultrahigh vacuum. The main 
part of the talk will focus on temperature-induced ring-closing reactions of porphyrins on coinage metal 
supports, aiming for extended polycyclic heteroatomic molecules. Comprehensive characterization by 
low-temperature scanning tunneling microscopy, spectroscopy, bond-resolved atomic force 
microscopy and complementary theoretical modelling provides insight into the structural and physical 
properties of the resulting interfacial molecular structures. 

Specifically, an on-surface chemistry route to unsubstituted square-type porphyrin tetramers with a 
central planar cyclooctatetraene moiety will be presented [4]. Such tetramers, as well as other 
oligomers, were achieved on Ag(100) by dehydrogenative homocoupling employing Zn- and free-base 
porphines as precursors (see Fig. 1). The resulting fully-fused structure represents the simplest model 
of two-dimensional porphyrin sheets and exhibits closed-shell character, as well as distinct 
(anti)aromatic pathways. In addition, the introduction of oxygen in -extended porphyrins will be 
addressed. O-annulation reactions on Au(111) provide high selectivity and yield for planar porphyrin 
products with distinct symmetries and oxygen content, which are not easily achieved by solution 
chemistry. The peripheral heteroatom doping promotes self-assembly and modifies the electronic 
structure compared to the oxygen-free analogue. Such studies give access to novel surface-supported 
polycyclic molecules with distinct chemical and physical properties and provide insights on the role of 
heteroatom doping. 

 

Fig. 1. Scheme of dehydrogenative porphine (2H-P, Zn-P) homocoupling to square-type porphyrin tetramer and 
corresponding bond-resolved AFM image. 

 
[1] Grill, Hecht, Nat. Chem., 12, 115 (2020) 
[2] Houtsma, de la Rie, Stöhr, Chem. Soc. Rev., 50, 6541 (2021) 
[3] Bischoff et al., J. Am. Chem. Soc., 143, 15131 (2021) 
[4] Corral Rascon et al., J. Am. Chem. Soc., 145, 967 (2023) 
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In recent years, metal-organic complexes have garnered much interest as an active area of research as 
a result of their enormous potential application in, e.g.: high-efficiency organic light-emitting devices, 
solar cells, photodetectors, or in electrocatalysis [1,2]. Metal-organic complexes are also a promising 
pathway for microelectronic miniaturization and open up new possibilities in the development of 
spintronics [3-5]. Since not all complexes are stable in air, in situ on-surface metalation is an attractive 
alternative to wet chemistry. 

On-surface metalation of 5,5′-dibromosalophene with 3d transition metals (Co, Fe and Cr) on Co-
intercalated graphene grown on Ir (111) was shown to be a promising pathway to vary magnetic and 
electronic properties of metal−organic complexes [6]. Moreover, on-surface metalation gives clean 
samples of various different metal−organic complexes, without any pollution or contaminations. 

Within this contribution, we present results focused on in situ under UHV conditions, the on-surface 
metalation process of 5,5’-dibromosalophene with dysprosium. The metalation is realized in a two-
step process  deposition of the rare-earth metal atoms on sample kept at room temperature, followed 
by postprocessing annealing at elevated temperatures. The morphology and electronic structure of the 
obtained salophene complexes were investigated by using a combination of scanning tunneling 
microscopy and spectroscopy.  

We gratefully acknowledge financial support from the National Science Centre, Poland under Grant 
No. 2017/26/E/ST3/00140. 
 
[1] Xu Hui et al., Chem. Soc. Rev., 10, 3259–3302 (2014) 
[2] Sorokin Alexander, Chem. Rev., 10, 8152–8191 (2013) 
[3] Caplins Benjamin et al., J. Phys. Chem. Lett., 10, 1679–1684 (2014) 
[4] Bogani Lapo et al., Nat. Mater., 7, 194–204 (2009) 
[5] Bazarnik Maciej et al., Nano Letters, 1, 577–582 (2016) 
[6] Elsebach Micha et al., Journal of Physical Chemistry C, 7, 4279–87 (2020) 
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Lanthanide-based organo-metallic and metal-organic nanoarchitectures are interesting low 
dimensional materials for a variety of applications such as nanomagnetism, information storage and 
quantum computing. From a magnetic point of view, the high spin-orbit coupling and the strong 
localization of 4f orbitals make lanthanides promising candidates for single molecular magnets.   
In particular, a double-decker coordinationis one possible strategy to induce a high anisotropic energy 
barrier between lanthanide spin states, magnetic remanence and long relaxation times due to their 
specific crystal field environment [1].  
Here, we introduce a protocol to grow, from a bottom-up approach and in a step-wise manner, 
lanthanide-based double-deckers herein called bis(benzenehexol)lanthanides. The complexes consist 
on lanthanide atoms (either Dy or Er) sandwiched by two benzene-1,2,3,4,5,6-hexaol (BHO) molecules.   

The boLom-up growth, tracked by means of Scanning Tunneling Microscopy, was performed on Au(111) 
single crystal by a consecutive sublimation of BHO species and lanthanide metal atoms. By DFT 
calculations, together with STS fingerprint of lanthanides, we were able to corroborate the formation 
of the complexes, and by XPS we could check the chemical status of the organic linker in this manner.   

Magnetic properties were studied with XAS, XLD and XMCD measurements (Figure 1) by means of 
synchrotron radiation. We demonstrated the in-plane character of the magnetic anisotropy in the 
oblate Dy-BHO, and the more isotropic character in the prolate Er-BHO. We also reveal the +3 oxidation 
state of both lanthanide atoms. Our study paves avenues for the synthesis of novel organometallic 
complexes based on lanthanides, while revealing surface science insights about the decisive role of 
organo-metallic coordination in the magnetic properties.  

 

Fig. 1. a)-d) XAS and XMCD of Dy- and Er- BHO metallocenes; b)-e) Magnetic intensity versus external magnetic 

field in Dy-HBO and Er-BHO; c)-f) XLD for Dy- BHO and Er- BHO.  

[1] D. N. Woodruff, et al., Chem. Rev., 113, 5110-5148 (2013). 
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The template-assisted (TA) growth of nanostructured thin films comprises various techniques, including 
both bottom-up and top-down approaches. The most used techniques involve a multi-stage process 
that begins with template fabrication and ends with several steps of nanostructure fabrication. We 
propose a simplified approach to TA growth by utilizing cage silsesquioxane self-organization as a new 
form of a template, reducing the process into two in-situ steps. 

Our research highlights the ability of self-organized phenyl silsesquioxane (PSS) thin films to selectively 
evaporate, as revealed by our experimental findings. By controlling the time and temperature of 
annealing, we can regulate the degree of surface coverage with PSS nanostructures. These 
nanostructures can serve as a template for depositing a metallic layer. By raising the temperature above 
the total sublimation of the PSS temperature, a metallic "negative" can be obtained (see Fig. 1). We 
also explored the possibility of using PSS thin films as a substrate for the growth of oxide 
nanostructures. The main goal is to achieve metallic or oxide nanostructures that mimic the "moth-
eye" structures as an antireflective or hydrophobic layer. 

Our studies involve the PVD thin film growth technique in UHV conditions and ex-situ structural 
measurements, including AFM, SEM, XRR, and Raman spectroscopy.  

Acknowledgement: This work was supported by “Excellence Initiative —Research University” of AGH 
University of Krakow, grant IDUB no 4154. 

 

Fig.1 AFM micrographs (4x4 µm2): (a) and (b) PSS thin films subjected to annealing at different temperatures 
(difference of 10oC) for 3 hours; (c) and (d) similarly prepared PSS nanostructures, covered with a 5 nm Au layer 
and heated to a temperature exceeding the PSS sublimation temperature. 

(a) (b) (c) (d) 
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Surface-initiated atom transfer radical polymerization (SI-ATRP) was successfully applied to modify Si 
wafers surface with complex ampholitic polymer brushes [1]. Step-by-step SI-ATRP approach enabled 
the formation of bottlebrush-like polymers with a poly(2-hydroxyethyl methacrylate) backbone and 
cationic (poly(2-(dimethylamino) ethyl methacrylate) and anionic (poly(acrylic acid)) block copolymers 
side chains (Fig.1).   

Syntheses protocols were designed on the basis of principles of green chemistry by reducing copper 
catalyst concentration (less than 300 ppm by wt), replacing toxic, organic solvents with easy to recycle 
ethanol [2] or water/ethanol mixture and conducting synthesis in room temperature. Furthermore, an 
extremely economically procedure, reducing consumption of reagents per cm2 of modified surface by 
using microliter volumes of reagents (μL-scale SI-ATRP) [3] will be presented.    

The successful modifications of Si wafers were confirmed by X-ray photo-electron spectroscopy (XPS) 
analyses and water contact measurement (WCA). XPS elemental analysis was performed for each stage 
of modification and enabled determination of percentage of total atomic concentration of detected 
elements on the modified surface. WCA measurements present behavior of amphiphilic brushes in 
various pH and the resulting divergent thickness of the brushes nanolayers.  

Financial support from Ministry of Education and Science under the program "Students Research Clubs 
creates innovations" (Contract no: SKN/SP/569572/2023) and from National Science Centre in Poland 
as a part of the SONATA BIS 10 project (2020/38/E/ST4/00046) is gratefully acknowledged.  

  
Fig. 1. Schematic representation of polyelectrolyte nanolayer.  

[1] M. Flejszar, K. Ślusarczyk, A. Hochół, P.Chmielarz, M. Wytrwal, K. Wolski, K. Spilarewicz, K. Awsiuk, J. Raczkowska, European 

Polymer Journal, 194, 112142 (2023)  
[2] M.N. Borand, F. Karaosmanoglu, Journal of Renewable and Sustainable Energy, 10, 033104 (2018)  
[3] K. Ślusarczyk, M.Flejszar, P. Chmielarz, Polymer, 233, 124212 (2021)  
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Helicenes are a class of chiral-molecular-compounds in which ortho-condensed polycyclic rings lead to 

angularly annulated shapes due to steric hindrance between tailing aromatic rings.  Recently, many 

fundamental research on carbohelicenes and heterohelicenes have been carried out because of their 

unique structural and optical properties which are important for applications [1]. Scanning tunneling 

microscopy (STM) investigation at a singlemolecule scale is a promising approach and have aroused 

great interest for better understanding the fundamental principles of the molecular recognition with 

molecular scale resolution [2-5]. One of the most important questions is an identification of the 

molecular chirality of adsorbed species and understanding of hierarchal progression of the 

chiralityrecognition through the formation of highly ordered layers.  

In this paper we report investigations of molecular adsorption and stereochemical recognition of a 

racemic mixture of [5]thiaheterohelicene (rac-[5]TH) and [7]thiaheterohelicene (rac-[7]TH) and their 

derivatives on the metal surfaces using STM (Figure 1). High resolution STM images allow us to 

unambiguously identify the absolute handedness of enantiomeric species, leading to the important 

perspective of stereochemical chiral recognition based on the formation of a highly ordered molecular 

monolayers. In addition, we show results of inelastic light scattering from rac-[5]TH and rac-[7]TH 

molecules adsorbed on the Ag(111) surface using a surface-enhanced Raman scattering 

spectroscopy[2,4] combined with theoretical calculation based on a density functional theory.  
 

Figure 1. the model of the rac-[5]TH adsorbates and their STM image [3]. 

[1] M. Jakubec, J. Storch, J. Org. Chem. 85, 13415-13428 (2020).  

[2] S. Chaunchaiyakul, Y. Kuwahara et al., J. Phys. Chem. C 121, 18162–18168 (2017). 

[3] P. Krukowski, Y. Kuwahara, et al., J. Phys. Chem. C 125, 9419–9427 (2021).  

[4 ]P. Krukowski, Y. Kuwahara, et al., Appl. Surf. Sci., 589, 152860 (2022).  

[5] P. Krukowski, Y. Kuwahara, et al., Int. J. Mol. Sci. 23(23), 15399 (2022).  
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Chiral recognition has drawn an attractive attention from the viewpoints of biochemical analysis since 
most of organic molecules in living body has chirality [1,2]. For instance, proteins and sugars strictly 
recognize their chirality and product the harmless biological compounds. These chiral recognitions are 
very important effects on living organisms, and errors in chiral recognitions sometimes lead to serious 
drug-related problems. Therefore, it is essential to clarify the details of chiral interactions and their 
reaction mechanisms through investigating them at a nanoscale.   

To identify the chirality of molecules, optical activity such as circular dichroism and optical rotatory 
dispersion have been estimated by conventional macroscale techniques. However, optical diffraction 
limit and low sensitivity unable us to estimate the optical activity from the nanoscale level. To overcome 
this disadvantage, we have investigated the optical activity of the molecule by using the scanning 
tunneling microscopy induced luminescence (STM-LE) [3] which combines high spatial resolved STM 
observation with the luminescence analysis. This method allows us to obtain the light emission at the 
nanoscale level.   

In this study, by using the STM-LE, we have investigated the nanoscale optical activity of chiral binaphtyl 
Perylenetetracarboxylic dianhydride (BP-PTCDI) shown in Fig.1 which consists of organic semiconductor 
PTCDI and a chiral molecule, R-1,1' Binaphthyl.    

First, BP-PTCDI molecules were deposited on the Al2O3/ NiAl (110) substrate which is often used for 
STM-LE measurement. We obtained the photon integration maps while scanning a topological STM 
image as shown in Fig.1. At the large positive sample bias-voltage, the luminescence from the single 
molecule indicated by green circles in Fig. 1 was observed. Then, we examined the difference of the 
intensities between the left- and right- circularly polarized luminescence on the single molecule.   

We also obtained the luminescence from the molecular clusters in the same way. It was found that the 
luminescence intensity and the optical dissymmetry were different from the single molecule. The 
above results suggest that the luminescence intensity and optical dissymmetry depends on the cluster 
size and the configuration of the adsorbates on the substrate. 

Fig. 1. Schematic model of chiral BP-PTCDI and STM  topography images (right up) and corresponding photon  

integration maps (right down) of chiral BP-PTCDI (15x9 nm2) . 

[1] M Abram et al., Chem . Med . Chem 14 ,1744 (2019).  
[2] Amato, R.J.D et al., Proc. Natl. Acad. Sci. USA 91 ,4082 (1994). 
[3] P. Krukowski et al., J. Phys. Chem. C 120, 3964  (2016).  
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Two-dimensional polymers (2DP) have attracted much attention due to their potential applications in 
electronics, catalysis and sensing applications. On-surface synthesis of 2DPs based on boroxine linkages 
have provided insights into the molecular dynamics[1] on the surface and a thorough understanding of 
2D polymerization dynamics holds a key towards the fabrication of 2DPs with large crystal domains. 
Asymmetry in monomer building blocks [2] has been explored as a factor to slow down the molecular 
dynamic of 2D crystal nucleation and molecular arrangement to form the extended network of covalent 
organic frame works covalent organic framework (COF). By introducing the asymmetry in the molecular 
building block (naphthalene-2,6-diyldiboronic acid), the average number of molecular nucleation 
centers is reduced, propagating the growth of large domains of single crystal 2DP on the surface. In this 
investigation, we have investigated the prochiral asymmetry in molecule on the formation of 2DP at 
solution-graphite interface (fig 1). We also demonstrate the role of solvent and electric field’s [3] in the 
interplay between COF, self-assembled structures, and the growth of domain size. This study is carried 
out at the solution-graphite interface and characterized using scanning tunneling microscopy (STM). 
Furthermore, we explore the influence of light-induced COF formation at the same interface.  

Fig. 1. Molecular model and corresponding STM image of (a) symmetric COF, (b) asymmetric  COF, (c) dimeric 

self-assembly in prochiral NDBA molecule on HOPG surface. 

 

[1] G Zhan, et. al., Nature, 2022, 603, 835–840 (2022)  
[2] A Cucinotta, et. al., J. Am. Chem. Soc. 2023, 145, 1194–1205 (2023)  
[3] Z Cai, et. al., J. Am. Chem. Soc. 2019, 141, 11404−11408 (2019)  
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Chiral molecular recognition plays a critical role in many chemical and biochemical processes. 
Introducing chirality onto surface enables the development of two-dimensional chiral systems, 
providing a unique platform to investigate the chiral recognition mechanism among molecular 
systems at the nanoscale. This opens up new opportunities to design novel chiral materials 
and devices with tailored properties for potential applications such as enantioselective 
heterogeneous synthesis and asymmetric catalysis [1]. 

The adsorption and self-assembled structure of helicene on surface have become one of the 
model systems for studying the basic principles of chiral recognition due to its simple helical 
structure [2]. To obtain a better understanding of the dynamic process of molecular 
recognition among these helical molecules, molecular dynamics simulation was used to 
investigate the initial stage of the ordered structures formed by racemate  
[7]thiaheterohelicene ([7]TH) on the Ag(111) surface. 

First, the arrangement of two molecules demonstrated that two different [7]TH enantiomers 
formed heterochiral dimers, which was more stable than homochiral ones in energy, revealing 
the preference in heterochiral interaction. As the number of molecules was gradually 
increased, a zigzag-chain structure similar to the STM observations appeared, in which 
different enantiomers arrange alternatingly (Fig. 1). It was considered that the heterochiral 
dimer formed as a building block and the π-π interaction between partially overlapped 
skeletons contributed to the stable growth of the chain structures. This structural expansion 
suggested the hierarchical progress of chiral recognition within two-dimensional chiral 
systems. 

Fig. 1. The STM image (9 nm x 6 nm, Vs = 2.0 V, It = 50 pA) and the possible molecular model 

of zigzag chain structure formed by [7]TH on Ag(111). 

 

[1] T. Mallat. et al. Chem. Rev., 107, 4863−4890 (2007). 

[2] P. Krukowski. et al. Appl. Surf. Sci., 589, 152860. (2022). 
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Dynamic nature of non-covalent interactions makes Natural chemical systems responsive to external 
stimuli, thereby allowing (self)-regulation and functioning in non-equilibrium states [1]. The latter two 
constitute key features of all living organisms. One common feature of biopolymers is their intrinsic 
chirality (lack of mirror symmetry), a fundamental property which determines biological functions by 
stereoselectivity of non-covalent interactions. Importantly, just as molecules can exist in left-handed 
(LH) and right-handed (RH) mirror image pairs (enantiomers), light can feature either LH or RH circular 
polarization. Bioinspired materials comprising chiral structures, like helices, reveal particularly 
interesting properties when interacting with light, e.g. emission of circularly polarized light (CPL) [2] or 
it’s selective reflection, depending on the screw sense of the helix [3].   

Although in many cases organic (macro)molecules are inherently optically active, it has been only 
recently since we observe an increased effort to utilize chiroptical information. Recently a new category 
of polymers, “supramolecular polymers”, has attracted great attention because of their potential for 
the design of self-healing and responsive materials with novel unprecedented properties [4]. 
Supramolecular polymers are one-dimensional assemblies of small molecules that are brought together 
through reversible and directional noncovalent interactions, leading to polymeric properties in solution 
and bulk states. Surprisingly, despite the great effort put on the development of new materials for 
organic electronics, the strategy of utilization of cooperative supramolecular polymers has been rarely 
reported. One of the most studied synthetic cooperative systems is based on benzene-1,3,5-
tricarboxyamides (BTAs), which forms 1D helical fibers by combination of noncovalent interactions: 
threefold hydrogen bonds and π-π interactions. Despite extensive molecular engineering targeted on 
the BTA side chains, their practical use as electro- and photo-active materials appears impractical, due 
to the small aromatic core. To address this issue, we have recently developed a supramolecular motif 
based on a C3-symmetrically substituted triphenylene core decorated with three amide groups, a 
triphenylene-2,6,10-tricarboxamide (TTA) [5].  

Within this presentation the fabrication of helical supramolecular polymer (pTTA) fibers will be shown. 
Several parameters will be discussed as potential control means in obtaining polymer fibers on surface, 
including TTA (monomer) concentration and deposition method. Apart from exploring the influence of 
deposition method on the morphology the work aimed at explaining the impact of surface properties 
of a substrate onto which TTA polymers are deposited. Finally, optimized supramolecular 
nanostructures with programmed chiral morphology were implemented in electronic devices, to 
examine their charge transport properties. The long-term goal of the presented studies is to create a 
new molecular engineering platform consisting of helical functional materials, which will be focused on 
development of chiral optoelectronic applications, i.e. chiroptoelectronics.  

The project was carried out within the International Research Agendas PLUS programme of the 
Foundation for Polish Science (MAB PLUS/2019/11).  

[1] B. A. Grzybowski, W. T. S. Huck, Nat. Nanotechnol., 11, 585 (2016)  
[2] J. Han, S. Guo, H. Lu, S. Liu, Q. Zhao, W. Huang, Adv. Optical Mater., 6, 1800538 (2018)  
[3] M. Wang, A. M. Urbas, Q. Li, Adv. Mater., 32, 1801335 (2018)  
[4] T. Aida, E. W. Meijer, S. I. Stupp, Science, 335, 813 (2012)  
[5] M. L. Sleczkowski, M. F. J. Mabesoone, et al., Nat. Chem., 13, 200 (2021).  
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The control of large functional molecules on solid surfaces and more particular coinage metal surfaces 

is of great interest for the investigation of new devices with potential applications in nanoscience such 

as molecular electronics, photonics or spintronics. In addition, porphyrins have molecular properties 

that can be tuned in several ways, for example by functionalization of the core macrocycle. The core 

macrocycle can host different metal atoms forming so called metalloporphyrins, which gives additional 

functionalities such as sensing properties or even magnetic properties using a magnetic central metal 

atom, hence they could be used as building blocks in storage media. In the latter case, the interaction 

between the metal atom at the center of the macrocycle and the surface atoms can play a major role 

in the adsorption of the molecule which, in turn, affects the properties of the system. In general, the 

interaction between complex molecules and a substrate is frequently a source of modifications of the 

molecular properties, such as different molecular conformations, changes in the electronic structure, 

variation of the charge or even influence the magnetic properties. Thus, leading to altered 

moleculesurface properties, e.g. conductivity and different spin life-times. The study of molecular 

binding on surfaces by means of density functional theory (DFT) is a very active field of research that 

can reveal the adsorption mechanism and how the molecular conformation and electronic structure 

varies at different surface sites. Now-a-days also cases with major components of physical adsorption 

on metallic surfaces can be handled with accuracy through the inclusion of the effects of dispersion 

into the simulations. In the case of porphyrins, it is very challenging to determine the interaction for its 

different parts with the surface. We investigate the aspects of physisorption using the free-base 

tetraphenylporphyrin 2H-TPP adsorbed on the Ag(111) surface.  
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The recent decades have witnessed on-surface synthesis (OSS) of diverse molecular architectures 
unattainable by classical methods of wet chemistry. Among them, especially interesting are surface-
supported networks stabilized by X3 halogen-bonded synthons [1]. To date, numerous ramified building 
blocks with aromatic backbones have been synthesized and exploited as bridging linkers of diverse 
homoporous overlayers cemented by triangular halogen–bonded motifs [2,3]. However, much less 
attention was paid to similar heteroporous architectures comprising mixed halogenated molecules 
with different symmetries so far. Therefore, in this communication, we present our recent theoretical 
findings on the bottom-up formation of hierarchically organized openwork co-crystals sustained by 
anisotropic halogen–bonded motifs on solid surfaces (Figure 1) [4]. The results of our predictive 
computer simulations could be especially valuable for the scanning tunneling microscopy (STM) 
experimentalists interested in the bottom-up fabrication of novel nanomaterials where directional 
halogen–halogen intermolecular interactions play a decisive role. This work was supported by the 
National Science Centre, Poland research grant: 2018/31/D/ST4/01443, SONATA 14. 

 

Fig. 1. Exemplary two-dimensional (2D) polymorphic networks cemented by X3 halogen bonds between  
star-shaped (A) and rod-like molecules (B) mixed in different stoichiometric ratios. Computer Monte Carlo (MC) 
simulations results. 

 
[1] J. Shang, Y. Wang, M. Chen, J. Dai, X. Zhou, J. Kuttner, G. Hilt, X. Shao, J. M. Gottfried, Nature Chemistry, 7, 389 (2015) 
[2] H. Wang, J. Hu, Z. Liang, H. Zhang, C. Huang, L. Xie, Z. Jiang, H. Huang, F. Song, Nanoscale Advances, 5, 1368 (2023) 
[3] Q. Fan, L. Liu, J. Dai, T. Wang, H. Ju, J. Zhao, J. Kuttner, G. Hilt, J. M. Gottfried, J. Zhu, ACS Nano, 12, 2267 (2018) 
[4] D. Nieckarz (unpublished results) 
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Heteromolecular films are promising candidates for efficient charge injection layers in organic 
optoelectronic devices. We show that 4,4'-biphenyl dicarboxylic acid (BDA) fully deprotonated on 
Ag(100) substrate can be mixed with pentacene (PEN) at two different BDA:PEN ratios, forming donor-
acceptor mixtures with their unique structural and electronic properties. Our Density Functional 
Theory calculations, performed with the Vienna Ab-initio Simulation Package, reveal a BDA:PEN ratio-
dependent intermolecular charge transfer from pentacene to BDA, which subsequently modulates the 
work function of a system. Such heteromolecular structures show increased stability relative to the 
separated counterparts, due to an attractive interaction between deprotonated carboxylic groups with 
pentacene hydrogen atoms. Consistent with our previous work [1], such heteromolecular structures 
can shift energy levels up to 0.5eV in subsequent organic layers, depending on mixing ratio. 

[1] Stará, Veronika, et al. “Tunable Energy-Level Alignment in Multilayers of Carboxylic Acids on Silver.” Physical Review 
Applied, 18, 4 (2022), p. 044048  
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Designing materials with tailored physical and chemical properties requires a quantitative 
understanding of interacting quantum systems. In order to provide predictability, a promising route is 
to create bottom-up platforms, where the electronic properties of individual and interacting atoms can 
be emulated in a tuneable manner. Here, we present a solid state quantum simulator based solely on 
patterned Cs atoms on the surface of semiconducting InSb(110), a system characterized by a dilute 
two-dimensional electron gas decoupled from the substrate’s bulk bands. We use this platform to 
create electron traps that emulate artificial atoms by precisely positioning Cs atoms using atom 
manipulation in scanning tunneling microscopy (STM). Localized states of such artificial atom are 
expected based on ab initio calculations and confirmed by probing with scanning tunnelling 
spectroscopy (STS). These artificial atoms serve as building blocks to realize artificial molecular 
structures with different orbital symmetries which are probed by spatially dependent tunneling 
conductance maps. We find bonding and anti-bonding states for coupled dimers of artificial atoms and 
orbitals of higher symmetries (π orbitals) for a linear assembly of a few artificial atoms. Based on these 
artificial orbitals and various atomic patterns, we emulate the structure and orbital landscape of 
wellknown planar organic molecules, including antiaromatic molecules. Presented results validate this 
new quantum simulator platform and prove its high tunability. [1]  

  

  
Fig. 1. STM image of artificial atoms in hexagonal arrangement resembling benzene structure and spatial 

distribution of one of its orbitals probed in the experiment.  

  
[1] Sierda, E. et al., Science 380, 1048-1052 (2023) DOI: 10.1126/science.adf2685  
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Steering molecular self-assembly and polymerization in adsorbed overlayers has been a challenging 
task which requires detailed information on the interaction patterns associated with molecular 
geometry, shape and distribution of reactive groups or atoms in the contributing tectons.    In this work 
we present the results of the Monte Carlo simulations aiming at identification of 2D metalorganic 
precursor structures formed by halogenated PAH molecules having diverse shape/size and differently 
assigned interaction centers [1-3]. These structures were modeled using the coarse-grained approach 
in which the PAH building blocks were treated as rigid planar units composed of a few interconnected 
segments, each corresponding to one benzene ring. Metal-atoms mediating the intermolecular 
interactions were modeled as single segments. The calculations were performed on a triangular lattice 
representing a (111) catalytically active metallic crystalline surface. The formation of labile metal-
organic precursors, in addition to visual inspection, was monitored  by means of such structural 
descriptors as coordination functions, radial distribution functions, cluster-size statistics and pore size 
distributions. The obtained findings demonstrated that a suitable halogenation of the PAH tectons 
enables directing the precursor self-assembly and, potentially, subsequent polymerization towards 
structures such as strings, ladders, ring oligomers and periodic (also chiral) and aperiodic networks. 
Moreover, for a spacious set of monomers it was shown that these building blocks are able to create 
self-similar structures resembling the Sierpiński triangle fractal. The hints gained from the simulations 
can be helpful in tailoring covalent polymers on solid substrates. These results can also reduce the 
efforts associated with preliminary selection of PAH monomers capable of formation of lowdimensional 
architectures with predefined properties, including periodicity, porosity, connectivity, ramification, 
dispersity etc. 

This work was supported by the National Science Center, Poland; grant  no. 2018/31/B/ST4/01759   

  
[1] J. Lisiecki, P. Szabelski, J. Phys. Chem. C, 125, 15934 (2021)  
[2] J. Lisiecki, P. Szabelski, ChemPhysChem, 23, e202100877 (2022) 
[3] [3] J. Lisiecki, P. Szabelski, Colloids Surf. A, 648, 129177 (2022)  
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Conjugated polymers (CPs) demonstrate unique electronic and optoelectronic properties, outstanding 
biocompatibility and mechanical flexibility, and have been implemented in a wide range of modern 
technologies [1]. The majority of CPs used in thermoelectrics, (bio)electronics and neuromorphic 
computing are based on complex chemical compositions and structures obtained through multi- and 
co-polymerisation techniques. The precise control of the microstructure in CPs is thus essential for 
understanding their behaviour in high-performance organic electronic devices and central for the 
development of CP based next-generation applications. However, traditional analytical techniques 
used in polymer science (XRD, NMR, mass spectrometry, chromatography) often struggle to precisely 
characterise modern CPs. 

This work aims to solve this fundamental problem by using the ultimate spatial resolution of scanning 
probe microscopy and its ability to provide structural and local electronic properties of molecules with 
sub-nm scale precision. To this end, vacuum electrospray deposition (ESD), central to the ability of 
studying thermolabile macromolecules in ideally controlled conditions [2], was used to deposit rigid 
rod CPs, synthesised by an aldol condensation polymerisation, on Au(111) single crystalline surfaces in 
ultrahigh vacuum (UHV). The aldol condensation polymerisation is an important reaction frequently 
used in organic synthesis, and the resulting CPs show excellent electronic properties to be employed in 
advanced (bio)electronic devices [3]. The samples were analysed in situ by low temperature scanning 
tunnelling microscopy (LT-STM) in UHV to acquire sub-monomer resolved images, revealing the 
composition and structure of the CPs at a level that is impossible with any other present analytical 
technique [4,5].  

Unexpected polymerisation defects were demonstrated, showing the occurrence of homocoupling 
reactions between co-monomers that had not been considered so far in the literature. The appearance 
of homocoupling could be explained by alternative reaction pathways that effectively “exchange the 
side-chains” between co-monomers. Moreover, stereodefects were also observed, resulting in kinks in 
the backbones with specific angles, which could be explained by possible coupling reactions at both 
carbonyl atoms of the monomers, as well as by cis instead of trans couplings. The results of this work 
bear a high potential impact for their implications in understanding the reaction mechanisms of aldol 
condensation polymerisation reactions at the molecular level. 

[1] Skotheim, T. A. et al., CRC press: 2006. 

[2] O'Sullivan, M. C. et al., Nature 469, 72–75 (2011) 

[3] Chen, X. et al., Angew. Chem. Int. Ed. 60, 9368–9373 (2021) 

[4] Warr, D. A. et al., Sci. Adv. 4, eaas9543 (2018) 

[5] Lawrence, J. et al., Nat. Commun. 11, 1-7 (2020) 
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Achieving the precise control over the charge-state of molecules occupied by a single electron (spin) is 
crucial for their future implementations in quantum information platforms. In this contribution, I will 
show the self-assembly on Ag(111) of tetrabromotetraazapyrene (TBTAP) molecules using scanning 
tunneling microscopy (STM) and atomic force microscopy (AFM) [1]. Due to their strong electron-
accepting character, TBTAP molecules are able to trap a single electron transferred from the substrate 
in an unoccupied molecular orbital. This electron induces a 1/2 molecular spin state confirmed by the 
detection of a Kondo resonance in tunneling spectroscopy (dI/dV). Using the local electric field of the 
tip, we are able to control the transition from the anionic (TBTAP-) to its neutral (TBTAP0) counterpart. 
This transition leads to vibrational excitation of the molecule (Figure 1), which is experimentally 
reflected by a series of peaks in the dI/dV spectra. By transferring this precursor to a superconducting 
lead surface [2], I will also show that anionic TBTAP molecules can form an extended two-dimensional 
electron spin lattice which carries topological edge states. 

Fig. 1. Illustration of the vibrational excitation of a single molecule following its discharge triggered by the 
electric field of a STM tip. 

[1] Li, C.; Kaspar, C., Zhou, P.; Liu, J.-C; .Chahib, O.; Glatzel,T.; Häner, R.; Aschauer, U.; Decurtins, S.;Liu, S.-X.; Thoss, M.; Meyer, 
E.; Pawlak, R. Nat. Comm., in review, 
[2] J.-C. Liu, C. Li, H. Chen, C. Drechsel, P. Zhou, R. Häner, U. Aschauer, T. Glatzel, S. Decurtins, S.-X.Liu, D. Loss, J. Klinovaja, W. 
Wulfhekel, E. Meyer, R. Pawlak. Submitted. 
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Sensing and controlling spin interactions of magnetic molecules has been actively studied due to their 

possible applications in molecular spintronic and qubit devices. One prominent example is the tuning 

Kondo resonances, caused by spin interactions between molecular spins and spins of conduction 

electrons of metallic substrates. This tuning has been achieved through the reactive binding of small 

magnetic and non-magnetic molecules such as NO, O2, NH3, and NO2 to magnetic molecules of metallo-

porphyrins [1-4]. However, study on the binding of metallic atom has been limited. Here, we 

demonstrate that the adsorptions of metallic atoms can control the Kondo resonances of Co-porphyrin 

on Au(111), as revealed using scanning tunneling microscopy and spectroscopy (STM and STS). We 

observed several adsorbate-induced complexes in STM images, and proposed their atomic structures 

based on the results of density functional theory calculations. Our STS results were explained with the 

redistribution of unpaired spins of Co-porphyrins by the binding of magnetic atoms. Our study shows 

the spin states and interactions of metallo-porphyrins can be controlled not only by the binding of 

small molecules but also by the binding of metallic atoms. 

  

[1] H. Kim, Y. H. Chang, S. H. Lee, Y. H. Kim, and S. J. Kahng, Acs Nano 7, 9312 (2013). 

[2] H. Kim, Y. H. Chang, W.-J. Jang, E.-S. Lee, Y.-H. Kim, and S.-J. Kahng, ACS Nano 9, 7722 (2015). 

[3] M. H. Chang, S.-J. Kahng et al., Physical Review B 100, 245406 (2019). 

[4] M. H. Chang, S.-J. Kahng et al., Nanoscale 11, 8510 (2019). 
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The energy level alignment between a metal electrode work function and the position of organic 
semiconductor frontier orbitals (HOMO or LUMO) is required to reduce contact resistance and enhance 
the efficiency of organic-semiconductor-based devices. Here, we present monolayer thick charge 
injection layers (CILs, Fig. 1a)) based on aromatic carboxylic acids (4,4’-biphenyl dicarboxylic acid, BDA; 
and 1,3,5-tris(4-carboxyphenyl)benzene, BTB) that can induce an energy level shift in the subsequent 
layers by up to 0.8 eV (Fig. 1b).  

The CILs were structurally characterized using STM and low-energy electron microscopy (LEEM) 
and their chemical change followed with XPS. By gradual on-surface deprotonation of both BDA and 
BTB, we achieve a highly tunable shift in the work function of the system (Fig. 1c). By means of 
photoelectron spectroscopy employing synchrotron radiation and DFT calculations, we show that the 
work function and energy-level positions in the CIL increase linearly with the density of dipoles that are 
formed upon the deprotonation of carboxylic groups. The energy level position of the subsequent 
layers follows the changes in the CIL [1].  

Acknowledgement: This research has been supported by GAČR, project No. 22-04551S. We 
acknowledge CzechNanoLab Research Infrastructure (LM2023051) and e-INFRA CZ (ID:90140) 
supported by MEYS CR, and the CERIC-ERIC Consortium for access to experimental/computational 
facilities and financial support. 

 

 

Fig. 1. (a) Schematics of studied system comprising two layers of carboxylic acids: tunable CIL (the first layer) and 
non-deprotonated second layer. STM images show change of CIL structure induced by its thermal deprotonation. 

(b) Changes in energy level positions in CILs, second layer, and work function . (c) The work function change 
as a function of electric dipole density during the isostructural α(���) to α� (���) transformation.  

 
[1] V. Stará, P. Procházka, J. Planer, A. Shahsavar, A. O. Makoveev, T. Skála, M. Blatnik, J. Čechal, Phys. Rev. Appl. 18, 044048 
(2022) 
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Two-dimensional metal-organic frameworks (2D-MOFs) are formed by co-adsorption of metal atoms 
and organic molecules on various solid surfaces such as Cu. Adsorption of 1,3,5-tris(4-
bromophenyl)benzene (TBB) molecules on Ag(111) and subsequent heating of the substrate result in 
the porous 2D-MOF shown in Fig. 1. By deposition of metal atoms onto the 2D-MOF, metal nano-
clusters are obtained, and the 2D-MOF plays a role of a template to grow the metal clusters in the pores 
[1,2].  

 

In this study, Ag, In, and Pd atoms are deposited on Ag(111) with the 2D-MOF, and we found that the 
different growth phenomena for Ag, In, and Pd clusters by scanning tunneling microscopy (STM) 
measurements [3]. Ag clusters are grown on the 2D-MOF, and In clusters are grown in the pore of the 
2D-MOF. On the other hand, Pd clusters are grown at the unconnected terminals of the 2D-MOF. In 
addition, the deposited Pd atoms sometimes break the 2D-MOF, and Pd clusters are also grown from 
the broken positions of the 2D-MOF.  

 

We calculated the energy of the Ag, In, and Pd adatom at the pore of the 2D-MOF as a function of the 
distance from the 2D-MOF (the center of the pore is the furthest position) by density functional theory 
(DFT) calculation. Ag and Pd adatoms in a pore have lower energies closer to the 2D-MOF, and In 
adatom has higher energy closer to the 2D-MOF. It indicates that the interaction of Ag and Pd adatoms 
with the 2D-MOF are attractive and that of an In adatom is repulsive. The details of the interactions 
and the growth mechanisms will be discussed in the presentation. 

 

 
Fig. 1. An STM image of the 2D-MOF on Ag(111) and the schematic drawing of the 2D-MOF. 

 
[1] M. Pivetta et al., Phys. Rev. Lett. 110, 086102 (2013). 
[2] R. Zhang et al., ACS nano, 9, 8547 (2015). 
[3] N. Tsukahara et al., Langmuir, to be submitted. 
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Surface immobilization of the IgG antibody requires a special attention. This molecule, which is used 
as a detection element in immunosensors, has an Y shape with an Fc trunk and two Fab arms ending 
with antigen binding sites. Various orientations of surface-immobilized IgG (flat-on, side-on, and 
vertical: tail-on and head-on) differ in the accessibility of antigen binding sites that drastically modifies 
the assay efficiency [1,2]. Therefore, it is of utmost interest to examine and control the dominant 
orientation of surface-immobilized antibodies. However, the IgG orientation is most commonly inferred 
from indirect methods, prone to high uncertainty. In contrast, antibody orientation can be resolved 
with TOF-SISM mass spectrometry, because of the technique sensitivity to the outermost nanometer 
region of adsorbed proteins and discrimination of the IgG domains (Fc and Fab) with different amino 
acid composition, enhanced by a multivariate Principal Component Analysis. This method is, however, 
limited to comparative analysis between samples that hindering an absolute determination of the 
dominant orientation on the particular surface. In this work, we present the novel approach of surface 
density dependent studies of antibody orientation with TOF-SIMS and PCA, which allows for direct 
tracking of orientation changes induced by the increasing molecules surface amount and for an 
accurate evaluation of the dominant orientation by estimation of share of molecules with head-on and 
tail-on alignment (fFc fraction) [3,4]. We examined the surface density dependent orientation of 
antibodies immobilized on silane-modified silicon by physical adsorption (APTES layer) and covalent 
coupling (APTES layer activated with glutaraldehyde APTES/GA, NHS-silane layer). In particular, 
differences in dominant vertical orientations, with the proportion of molecules with head-on to tail-on 
alignment: 3:1 for APTES/GA and 1:1 for APTES and NHS-silane, are revealed and discussed in terms of 
relevant molecule–molecule and molecule–surface interactions. Moreover, the impact of the pH of the 
IgG solution on the dominant vertical orientation of the antibodies immobilized on APTES and 
APTES/GA is determined and expressed by the fFc fraction. It is shown that under particular pH 
conditions the dominant antibody orientation can by significantly improved to be close to the ideal tail-
on alignment through electrostatic molecules-surface interactions.  

 
 
[1] Gajos, Katarzyna et al., Colloid Polym. Sci., 299, 385 (2021) 
[2] Gajos, Katarzyna et al., Applied Surface Science, 594, 153439 (2022) 
[3] Gajos, Katarzyna et al., Applied Surface Science, 518, 146269 (2020) 
[4] Gajos, Katarzyna et al., Molecules, 27, 3672 (2022)  
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Perovskite oxides such as strontium titanate (SrTiO3) are extensively studied due to their exceptional 
electronic and catalytic properties, which hold promising potential for applications in energy 
conversion and electronics. In these materials, the electronic transport properties are closely related 
to the oxygen nonstoichiometry, which can be manipulated via redox reactions leading to a self-doping 
by oxygen vacancies [1]. By nanoscale investigations on single crystals and ceramics employing high-
resolution imaging techniques such as local-conductivity atomic force microscopy (LC-AFM), scanning 
nearfield optical microscopy (SNOM), and fluorescence lifetime imaging microscopy (FLIM) we are able 
to demonstrate that this reduction process is highly complex and heterogeneous on the nanoscale. 
Along extended defects, such as dislocations and grain boundaries, there are easy reduction sites 
where oxygen vacancies are preferentially generated. In this way, filaments with high conductivity 
evolve around the dislocations in the originally insulating matrix and act as nanoscaled short circuits 
[2]. Upon application of mechanical stress, these filaments can even be moved through the crystals 
along with the dislocations [3]. These findings not only can explain failure mechanisms in solid oxide 
electrolytes, but also raise fundamental questions regarding the mechanisms of electronic transport 
and superconductivity in self-doped transition metal oxides. 

 

  

Fig. 1. Investigation of a bicrystal boundary of SrTiO3 after thermal reduction under vacuum conditions. 
a) LC-AFM Current map, b) SNOM transmission, c) FLIM lifetime.  

 

[1] C. Rodenbücher, C. Korte, T. Schmitz-Kempen, S. Bette, and K. Szot, APL Mater., 9, 011106 (2021). 

[2] C. Rodenbücher, C. Guguschev, C. Korte, S. Bette, and K. Szot, Crystals, 11, 744 (2021). 

[3] C. Rodenbücher, G. Bihlmayer, C. Korte, and K. Szot, APL Mater., 11, 021108 (2023). 
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Perovskites are technologically important materials with a general formula ABO3. The ternary character 
of these compounds and the mixture of ionic and covalent bonds brings numerous challenges for 
surface science: These surfaces can optimize their energy by several mechanisms [1] and they can 
adopt a myriad of different terminations and reconstructions. Here we focus on the possibility of 
achieving truly bulk-terminated surfaces of three prototypical perovskites: SrTiO3, KTaO3 and BaTiO3. 
Cleaving along the (001) plane can provide surfaces with well-defined atomic structure and a mixture 
of two terminations (AO and BO2). We show that the layout of these terminations is dictated by 
electrostatics and is linked to ferroelectric polarization and concentration of charge carriers. We 
illustrate how the surface morphology can be engineered by ferroelectric polarization prior to the 
cleaving, using an example of BaTiO3. The role of n-type doping will be illustrated on the example of 
Nb-doped SrTiO3.  

Fig. 1. Topography of a cleaved KTaO3 (001) surface. Noncontact AFM image, 400x400 nm2.  

  
[1] M. Setvin, M. Reticcioli, F. Poelzleitner, J. Hulva, M. Schmid, L. Boatner, C. Franchini, U. Diebold, Science, 359, 572 (2018)  
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A polaron is a quasi-particle consisting of an electric charge interacting with its surrounding lattice 

distortions in a solid. In polarizable materials, polarons are directly responsible for electronic and 

optical properties as well as surface chemistry reactions [1]. The size and mobility of polarons depend 

on the strength of the electron-lattice coupling, as well as the temperature of the material. On oxide 

surfaces, polarons are usually localized in entities spreading over a few unit cells, therefore making 

them perfect subjects for the Atomic Force Microscopy (AFM) investigations. Contrary to Scanning 

Tunnelling Microscopy/Spectroscopy (STM/STS) this approach enables investigations not only of 

conductive samples but also localized polarons formed at insulators.  

In this presentation, the possibilities offered by non-contact AFM will be showcased for the cases of 
polar and non-polar perovskites (KTaO3(001) and SrTiO3(001)) and hematite (α-Fe2O3(1-102)) surfaces. 
It will be presented that with the use of a conducting oscillating qPlus sensor it is possible not only to 
controllably inject electron- or hole-polarons but also to shape them into clouds and manipulate with 
the atomic resolution (see Fig. 1). Such an approach offers also the possibility to deduce the energy 
barriers for thermally-activated mobility of polarons as well as get insights into the catalytical reactions 
on surfaces, which will be showcased for the case of CO adsorption on KTaO3(001), a polar perovskite 
surface. It will be presented that the low-noise nc-AFM enables real space measurements down to the 
scale of single charges.  

  
Fig. 1. (A) nc-AFM as a tool for precise manipulation of polarons. From a single electron polaron injection (B) to 

a microscopic polaronic cloud (C) formed on the surface of KTaO3(001) perovskite (nc-AFM + KPFM loop).  

  
[1] Franchini, C., Reticcioli, M., Setvin, M., & Diebold, U. (2021). Polarons in materials. Nature Reviews Materials, 6(7), 560-

586.  
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The disordered microscopic structure of amorphous oxide semiconductors causes the formation of 
band tails in the density of states (DOS) that strongly affect charge transport properties. Such bandtail 
properties are crucial to understand for optimizing thin film device performance with immense 
relevance for large area electronics. Among the available techniques to measure the DOS, KPFM is 
exceptional as it enables precise local electronic investigations combined with microscopic imaging. 
However, a model to interpret KPFM spectroscopy data on amorphous semiconductors of finite 
thickness is lacking. To address this issue, we provide an analytical solution to the non-linear Poisson's 
equation for a metal-insulator-semiconductor (MIS) junction interacting with the AFM tip, as shown in 
figure a. The solution enables us to fit experimental data for semiconductors with finite thickness and 
to obtain the DOS parameters, such as band tail width, doping density, and flat band potential.  We 
validate our technique using both KPFM and photocurrent spectroscopy measurements on IGZO thin 
film transistors. We also demonstrate the effectiveness of our method by analyzing the impact of 
ionizing radiation on DOS properties. We obtain a local band tail width Et=(44.4±0.1)meV which is in 
perfect agreement with our photocurrent spectroscopy results and we prove that x-ray radiation has 
no impact on DOS parameters but causes a static charge accumulation in the dielectric [1]. 
 

 
 
 
[1] L. Fabbri, C. Bordoni, P. Barquinha, J. Crocco, B. Fraboni, and T. Cramer, ‘Accurate determination of band tail 
properties in amorphous semiconductor thin film with Kelvin Probe Force Microscopy’, 2023, [Online]. Available: 
https://arxiv.org/abs/2303.08442 
 

Mon-11:50-O-OXY

244



Nanoscale electrical characterisation and nanomanipulation 

of MoO3-x monolayer 
 

A. Nadolska1, D. A. Kowalczyk, I. Lutsyk1, M. Piskorski1, P. Krukowski1, Paweł Dąbrowski1,  
M. Le Ster1, W. Kozłowski1, R. Dunal1, P. Przybysz1, W. Ryś1, K. Toczek1, P. J. Kowalczyk1,  

M. Rogala1 
 

1 Department of Solid State Physics, University of Lodz, Pomorska 149/153, 90-236 Łódź, Poland 
 

aleksandra.nadolska@edu.uni.lodz.pl 

 

Two-dimensional van der Waals materials, such as dichalcogenides (MoS2, WS2, MoSe2) and oxides 
(V2O5, WO3, MoO3), are a group of materials in which planar structures are held by strong in-plane 
covalent bonds and weak out-of-plane van der Waals forces. Their unique structure and properties 
allow for wide use in e. g. electronics, optoelectronics, catalysis, sensors, and data storage. Among this 
group of materials is orthorhombic molybdenum oxide α-MoO3, which is transparent, has high relative 
permittivity, and a wide bandgap. 

In this work, we present our research focused on nanoscale characterization. MoO3 layers were 
deposited on highly orientated pyrolytic graphite (HOPG) by thermal evaporation under ultra-high 
vacuum conditions. Chemical composition studies show non-stoichiometry of the obtained monolayers 
- approximately 95% is represented by Mo6+ and 5% by Mo5+. Studies conducted using atomic force 
microscopy indicate that point current stimulations enable precise nanomanipulation and 
nanolithography of molybdenum trioxide. In addition, the current maps confirm that slightly non-
stoichiometric MoO3 layers are non-homogeneous in terms of conductivity. Our research shows that 
when designing devices based on 2D transition-metal oxides, it is important to take into account the 
nanoscale heterogeneity of the material. 

Acknowledgement: This work was supported by National Science Center, Poland, under the Grant 
2020/38/E/ST3/00293. 
 
[1] D. A. Kowalczyk et al., 2D Materials, 8, 025005 (2021) 
[2] D. A. Kowalczyk et al., ACS Applied Materials Interfaces, 14, 44506-44515 (2022) 
[3] A. Nadolska et al., Crystals, 13(6), 905 (2023) 
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Oxides of variable valence are common promoters for platinum-group catalysts, often lowering the 
onset temperatures for oxidation reactions, reducing poisoning effects and improving selectivity. The 
increased complexity brought about by addition of such an oxide is substantial, however, and makes 
detailed structure-reactivity relationships very challenging to obtain. Tin-promotion of platinum 
catalysts is a good case in point; though known for years as an active material for e.g. PROX and alcohol 
electrooxidation, the reasons for this are still unclear. The challenges involved are also commonly 
encountered: the chemical state of tin evolves dynamically during reactions, depending on 
temperature and the gas composition, making the ‘active state’ difficult to pinpoint and to study in 
detail and the structures of ultra-thin oxides of tin are varied and complex, even on the simplest low-
index surfaces, and until recently were completely unsolved. 

Progress in overcoming these challenges requires a broad approach including in situ methods for 
characterization of the materials under realistic conditions as well as high-precision surface structure 
analysis under UHV, supported by ab initio theoretical modelling. We present here an overview of our 
efforts in this direction, including studies using ambient-pressure XPS [1,2] and grazing-incidence XAFS 
[3] measured during CO oxidation, and surface X-ray diffraction and high-precision low-energy and 
scanning probe microscopy measured under UHV conditions [4,5,6]. Despite a wealth of experimental 
information about the surface oxide phases formed on these surfaces, their atomic structures could 
still not be determined directly. DFT-based structure search, aided by machine learning, was able to 
produce candidate structures that could be verified by experiment, however [4]. The use of these global 
search methods, alongside state-of-the art characterization, is argued to be essential to further 
progress in this area. 

 
 
[1] H.J. Wallander et al., J. Phys. Chem. C, 126, 6258–6266. (2022) 
[2] H.J. Wallander et al., Submited. 
[3] H.J. Wallander et al., In Prepara�on. 
[4] L.R. Merte et al., Angew. Chem. Int. Ed. 61, e202204244. (2022) 
[5] L.R. Merte et al., J. Phys. Chem. C 127, 2988–2994. (2023) 
[6] N. Braud et al., In Preparation. 
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Tin dioxide (SnO2) is an earth-abundant, technologically-important, transparent semiconducting oxide 
with a range of useful properties such as a wide bandgap, strong n-type conductivity, and a high surface 
electron density, that enable a wide range of electronic, gas sensing, and catalytic applications. A wide 
range of low-dimensional SnO2 nanomaterials have also been reported with most of these possessing 
conventional circular and cylindrical geometries [1].  

In contrast, we have developed a highly-scalable method of synthesising arrays of SnO2 nanotubes with 
perfectly-square geometries on Au-nanoparticle coated sapphire, quartz, and silicon substrates using 
mist chemical vapour deposition [2]. These square nanotubes have a unique geometry, exhibit a high 
single crystallinity, and can be controllably doped with Sb with no loss in structural quality (Fig. 1a,b).  

Furthermore, we have used synchrotron x-ray photoelectron spectroscopy to reveal the presence of an 
unusually strong and thermally resilient 2-dimensional electron gas (2DEG) on the (110) surfaces of 
these nanotubes (Fig. 1c). We show that this 2DEG is created by donor-like states produced by the 
hydroxyl termination of the (110) surface and is sustained at temperatures above 400 °C by the 
formation of in-plane oxygen vacancies. This persistent high surface electron density is expected to 
prove useful in gas sensing and catalytic applications of these remarkable structures.  

We also demonstrate that the strength of the 2DEG can be modified by different surface treatments, 
in particular the electrografting of 4-nitrophenyl layers and the spontaneous grafting of 
octadecylphosphonic acid molecules [3], a finding that represents an important step towards tuning 
the surface properties of these structures for different applications. To illustrate their device potential, 
we have fabricated single square SnO2 nanotube Schottky diodes (Fig. 1d) and field effect transistors 
with excellent performance characteristics. 

 

 
Fig. 1. (a) Square SnO2 nanotubes on m-plane sapphire, (b) TEM image from the top of a nanotube, (c) atomic 

structure of the (110) sidewalls (Sn atoms in gold, in-plane O in red, bridging O in blue), (d) Schottky diode. 
 
[1] X. Wang et al., Chemistry of Materials, 26, 123 (2014) 
[2] J.I. Scott et al., Small, (2023, in press) 
[3] L.R. Carroll et al., ACS Applied Electronic Materials, 3, 5608 (2021) 
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Cerium oxide is of great technological interest due to its relevance in various catalytic applications. An 
inverse model catalyst such as cerium oxide on Ru(0001) can be used to understand the fundamentals 
behind catalytic processes. For the production of methanol from CO2 and H2, oxygen vacancies, as 
found on reduced ceria, are necessary to activate the CO2 molecules [1]. Ceria reduction may be 
achieved by, e.g., exposure to H2 at elevated temperatures [2] or by thermal treatment [3]. We have 
studied the interaction of CO2 with thermally reduced cerium oxide islands on Ru(0001) in situ with 
low-energy electron microscopy (LEEM) and spatially resolved x-ray absorption spectroscopy (XAS-
PEEM) at the ELETTRA nanospectroscopy beamline. The structure and composition of the islands were 
analyzed by XAS-PEEM and dynamic (real-time) intensity-voltage (I(V))-LEEM measurements. In 
particular, the oxidation state was derived from specific islands by fitting the data by a linear 
combination of reference spectra of Ce2O3 and CeO2. Partial reoxidation by exposure to CO2 was 
achieved at 550 °C, which agrees well with other studies that oxidized cerium oxide on other metal 
substrates [4,5]. From this analysis we derive a correlation of the oxidation state and the size of the 
island, revealing that larger islands are reduced less throughout this process. We attribute this finding 
to a larger thickness of these islands (Fig. 1). Furthermore, the different electron escape depths from 
I(V)-LEEM and XAS-PEEM allow comparing the oxidation state of the topmost layers and the bulk. Also, 
fitting the I(V)-LEEM data by a linear combination of reference spectra was used to derive a pixel 
resolved map of the oxidation state providing further insight into the distribution of active sites of the 
cerium oxide islands on the few nanometer scale. 

Fig. 1. Reoxidation of cerium oxide islands by exposure to CO2 at 550 °C obtained from XAS-PEEM and I(V)-
LEEM. 

 
[1] J. Graciani et al., Science, 345, 546-550 (2014)  
[2] J. Höcker et al., Adv. Mater. Interfaces, 2, 1500314 (2015) 
[3] J. Höcker et al., Nanoscale, 9, 9352 (2017) 
[4] T. Staudt et al., Journal of Catalysis, 1, 181-185 (2010) 
[5] A. Schaefer et al., Phys. Chem. Chem. Phys., 20, 19447-19457 (2018) 

Mon-15:00-O-OXY

248



Mon-15:20-O-OXY

249

Growth and Structural Analysis of Gallium Oxide Films on 

Ru(0001)/Al2O3(0001) for Low-Power Electronics   

  

A. Baunthiyal, A. Karg, S.M. Mahdian, N. Braud, M. Eickhoff, J.O. Krisponeit and J. Falta  
  

Institute of Solid-State Physics, University of Bremen, Germany  
  

baman@uni-bremen.de  

Gallium oxide is a wide band gap semiconductor with diverse applications in high power electronics 

[1], oxygen sensors [2], and ultra-violet devices [3]. This study focuses on the growth and structural 

characterization of gallium oxide on a Ru(0001) substrate. We aim at determining the conditions 

required for a successful growth of β-Ga2O3 on this substrate, specifically for low-power electronics and 

lateral configuration resistive switching devices [4] at low cost.   

To achieve that, we deposited crystalline Ru(0001) films by radio frequency (RF) sputter deposition on 

Al2O3 (0001) wafer substrates. The gallium oxide films were deposited subsequently on the Ru films 

using plasma-assisted molecular beam epitaxy (PAMBE) and RF sputtering at different temperatures. 

For characterization, we employed reflection high-energy electron diffraction (RHEED), X-ray 

photoelectron spectroscopy (XPS), low-energy electron microscopy (LEEM) and diffraction (LEED), 

atomic force microscopy (AFM), transmission electron microscopy (TEM), and X-ray diffraction (XRD).  

PAMBE at 500℃ allowed for epitaxial growth of (-201) oriented β-Ga2O3 on Ru(0001) as confirmed by 

RHEED and XRD measurements. The quality of the films was improved upon annealing at 800℃. This 

step forms large surface terraces separated by step bunches as observed in LEEM, LEED, and AFM.  

As an alternative growth method, sputter-deposited gallium oxide on Ru was studied. Prepared at 

400℃, these films showed poly-crystalline β-Ga2O3 films with rotational mosaics of (-201) surface 

orientation as found in XRD and TEM. The stoichiometry of these Gallium oxide films and the 

concentration of oxygen vacancies were investigated by in-situ XPS. Our results show the presence of 

oxygen vacancies and an according Ga-Ga metallic bonding. AFM measurements showed that the 

surface roughness of the films increased with annealing temperature in the range from RT to 400℃, 

reflecting the presence of successively larger crystallites.  

To explore the resistive switching characteristics of the films, we employed electrodes with different 

work functions (Al and Ag). The sample grown by PAMBE exhibited minimal defects and excellent 

crystalline quality, resulting in a consistent current response. Conversely, the gallium oxide film 

deposited through sputtering displayed a good ON/OFF ratio of 104 between high and low resistive 

states, demonstrating long retention (104 secs) and good endurance. This makes it a promising lowcost 

prototype for future non-volatile technology.  

[1] Baldini et al., Materials Science in Semiconductor Processing, 78, 132-146 (2018).  
[2] Bartic, M. et al., physica status solidi (a) 213(2), 457-462 (2016).  
[3] Pratiyush, Anamika Singh, et al., Gallium Oxide, Elsevier, 369-399 (2019).  
[4] [4] Velpula et al., Nanotechnology 34(7), 075201 (2022).  
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The interaction of O2 with various metal surfaces induces changes in its chemical stability and reactivity 
[1].  And the ability to control such processes bears on the chemical economy.  Alloying of pristine 
metals provides one of the simplest and oldest way to do so (cf., e.g., [2-5]).  Unraveling the 
stereochemistry of the processes involved would be imperative for understanding the mechanisms 
behind these interactions [6].  The dynamics of reactant molecules (esp., the orientation and the 
movement of molecules in 3D space) play an important role in reactions.  The small rotational energy 
excitations involved (ca. less than a few meV) render the reactants susceptible to dynamical steering 
[1,7-9].  This makes direct comparison with theory rather challenging [1,10].  To directly probe and 
observe the (polar and azimuthal) orientation dependence of O2 adsorption on Cu(110) and 
Cu3Au(110), we prepared space quantized O2 molecular beams by sorting  the quantum states of the 
O2 (cf., e.g., [5] and references therein) via Richtungsquantelung (space quantization), as first 
introduced by the 1922 Stern-Gerlach experiment [11,12].  We found that chemisorption proceeded 
rather favorably with the O-O bond axis oriented parallel (vs. perpendicular) to the surface, and also 
for O-O bond axis oriented along [001] (vs. along [-110]) (cf., figure below, taken from [5]).  Alloying 
with Au introduced a higher activation barrier to chemisorption.  This hinders the surface from further 
oxidation, and azimuthal anisotropy becomes almost negligible.  The presence of Au also prevented 
cartwheel-like rotating O2 from further reactions.  More details will be presented at the conference. 

 
 
[1] Montemore, M.M. et al., Chem. Rev. 118, 2816−2862 (2018).  
[2] Tsuda, Y. et al., Phys. Chem. Chem. Phys. 16, 3815− 3822 (2014).  
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[4] Tsuda, Y. et al., Sci. Rep. 11, 3906 (2021).  
[5] Tsuda, Y. et al., JACS Au 2, 1839-1847 (2022). 
[6] Vattuone, L. et al., Angew. Chem. 121, 4939−4942 (2009); Prog. Surf. Sci. 85, 92−160 (2010).  
[7] Diño, W.A. et al., Prog. Surf. Sci. 63, 63−134 (2000). 
[8] Kasai, H. et al., Prog. Surf. Sci. 72, 53− 86 (2003). 
[9] Diño, W.A., J. Phys.: Condens. Matter 14, 4379−4384 (2002). 
[10] Ertl, G. Surf. Sci. 6, 208−232 (1967); Surf. Sci. 299−300, 742−754 (1994). 
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[12] Hershbach, D. In: Molecular Beams in Physics and Chemistry, B. Friedrich, H. Schmidt-Böcking (eds.) (Springer, Cham, 
2021) 1–22.  
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The development and improvement of catalysts for chemical energy conversion such as (photo-) 
electrocatalytic water splitting requires mechanistic understanding of the reactions at the solid-liquid 
interface at the atomic/molecular level. Based on density functional theory (DFT) calculations with a 
Hubbard U term, we focus on the oxygen evolution reaction (OER) activity of iron, cobalt and nickel 
containing spinels [1-3] and perovskites [4-5]. This allows us to disentangle the role of structural motifs, 
surface orientation and termination. Analysis of the underlying electronic and magnetic properties 
reveals dynamic variation of oxidation state during OER with marked differences in the degree of 
localization for spinels vs. perovskites. Octahedral Co at the (001) surface emerges as a potential active 
site with the lowest overpotentials. Considering solvation in an implicit solvent model, reveals an 
overall enhancement of the overpotential due to stronger binding of intermediates, but the relative 
trends remain unchanged [2].  Last but not least, we elucidate the effect of a surface transformation to 
an oxyhydroxide layer at the perovskite surface and identify important distinctions for different surface 
facets [5].  

Funding by the German Research Foundation within CRC TRR247 (B04) and computational time at the 
Leibniz Rechenzentrum and the supercomputer MagnitUDE at UDE are gratefully acknowledged. 

Fig. 1. OER at the pristine and doped Co3O4(001) surface [2]. The side views with spin density of the potential 
determining steps at the B and A terminations, respectively, indicate differences in valence state of the surface 
cations during OER. Note also the formation of a hydrogen bond to the surface for *OOH at the A layer. Volcano 

plot of – as a function of the binding energy difference of *O and *OH including also the results for CoxNi1-

xFe2O4(001) [1].   
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Zinc oxide (ZnO) is a wide-band gap semiconductor with great technological applications such as UV-

LEDs, photocatalysts, and solar cells [1]. The ZnO(0001) surface displays a (2×2) reconstruction which 

was poorly understood until now. Here we present an X-ray photoelectron diffraction (XPD) and 

density-functional theory (DFT) calculation study that unambiguously determines the ZnO(0001)-(2x2) 

surface as well as unravels its stabilization mechanism [2]. Comparing the XPD measurements with 

multiple-scattering simulations, the single Zn vacancy per (2×2) surface unit cell model is confirmed, 

and structures with O adatoms are ruled out. Furthermore, the analysis indicates an outward relaxation 

of the topmost Zn layer, in contrast to the usually reported results by DFT calculations [3]. Based on 

our DFT, we describe a new stabilizing mechanism of the polar ZnO surface through surface 

reconstruction where three hydrogens atoms occupy the Zn vacancies. The DFT surface relaxation of 

the proposed model is in excellent agreement with the XPD findings. Our DFT simulations also strongly 

indicate that the migration of hydrogens atoms to the surface, coming from the bulk, plays a central 

role in the desorption of the surface Zn atom to create the vacancy.  

Acknowledgments: This work was financially supported by FAPESP, CNPq, and CAPES from Brazil.  

  

  
Fig. 1. Representation of the ZnO(0001)-(2x2) with Zn-vacancies trapping hydrogeon atoms. Comparison of the 

Photoelectron diffraction experiment and multiple scattering simulation. 
  
[1] A. Tsukazaki, et al,, Jpn. J. Appl. Phys, 44, L643– L645 (2005).   
[2] L.H. de Lima, et al., J Phys. Chem. C 2023 (https://doi.org/10.1021/acs.jpcc.3c00567).   
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Corundum α-Al2O3 is an important ceramic widely used in electronics, optical applications, or as 
catalyst support. Despite its importance, the atomic structure of the most stable (0001) termination 
has not been conclusively determined. Detailed studies of Al2O3 surfaces have been stymied by its 
insulating nature, preventing the use of many surface science methods. 

Structural models based on surface X-ray diffraction (SXRD) [1], and atomic force microscopy (AFM) [2], 
concluded the (√31 × √31)R±9°-reconstructed Al2O3(0001) surface formed upon high-temperature 
annealing is terminated by one or two layers of metallic Al strained to lattice-match the oxide substrate. 

We imaged the reconstructed Al2O3(0001) surface with noncontact AFM (nc-AFM) using specifically 
functionalized tips for chemically-sensitive contrast. In particular, CuOx terminated tips [3], enabled us 
to directly identify oxygen and aluminum atoms in the topmost layer.  

With the aid of ab-initio calculations, we propose a structural model of the (√31 × √31)R±9°-
reconstructed Al2O3(0001) surface consistent with atomically resolved nc-AFM images and area-
averaging spectroscopic data. Unlike prior models, the surface does not contain a metallic Al layer but 
consists of oxygen and aluminum atoms arranged in similar structural units as reported in thin AlOx 
films [4,5]. 

 
Fig. 1. NC-AFM image of (√31 × √31)R±9°-reconstructed Al2O3(0001) acquired with a CuOx-terminated tip. 
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Advanced  simulation  tools  of  scanning  tunneling  microscopy  (STM)  are  vital  for  the  proper
understanding of various physical and chemical processes at material surfaces. For this reason Chen’s
derivative rules for electron tunneling has been revised [1] to build a computationally efficient STM
simulation tool, based on ab-initio electronic structure. This STM simulation method enables (i) the
weighting of tunneling matrix elements of arbitrary model tip-orbital compositions, or those directly
obtained from density functional theory (DFT) calculations, (ii) arbitrary tip geometrical orientations
to mimic asymmetric tip-sample relations, and (iii) a quantitative analysis of direct and interference
contributions of the tip orbitals to the electron tunneling current. Recently, this method has been
applied  to  diverse  ultrathin  complex  surface  oxides  on  metal  substrates  [2–4],  where  a  better
agreement  with  STM  experiments  has  been  achieved  than  obtained  with  the  Tersoff-Hamann
(spherical tip orbital) model (see Figure for the "44" O/Cu structure, reproduced from Ref. [4]).

The  authors  acknowledge  financial  support  from  the  National  Research,  Development,  and
Innovation Office of Hungary Project No. FK124100, and various projects from the National Research
Foundation and the Ministry of Science of the Republic of Korea.
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Model systems based on single crystals can help to provide a better understanding of the chemistry 
and the catalytic activity of a given oxide surface. Muscovite mica is an interesting material due to its 
widespread presence in natural environments and its potential use in various technological 
applications, such as new-generation electronics based on 2D materials, thermal and electrical 
insulation, and thin-film growth. 

In this work, we present DFT calculations on the surface of muscovite mica, a common phyllosilicate 
whose structure consists of alternating layers of aluminosilicates and K+ ions. This material easily splits 
into thin K-terminated sheets, yet the atomistic order of the surface K+ ions has been, until recently, 
unknown [1].  

Ab-initio calculations using the ''Vienna Ab-initio Simulation Package'' (VASP) and the metaGGA 
(r2SCAN) exchange-correlation functional indicate a close correlation between the distribution of the 
surface K+ ions and the arrangement of the subsurface Al3+ ions: the K+ ions preferentially occupy the 
Al-rich rings. Moreover, the calculated diffusion barriers (between 0.7 and 1 eV) suggest that the K+ 
ions are mobile enough at room temperature to occupy the energetically most favorable sites. AFM 
simulations using the Probe Particle Model [2] are in good agreement with the experimental images. 

Fig. 1. Constant-height, non-contact AFM image of UHV-cleaved muscovite mica. 
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The atomic layer deposition (ALD) technique gives the possibility of depositing conformal functional 
coatings with a controlled chemical composition - single-component, multi-component and also multi-
layer structures such as nanolaminates - used in various fields of technology to modify surface 
properties. Ultra-thin metal oxides can be used, e.g. as anti-corrosion coatings, functional coatings of 
polymeric materials, or as coatings on electrode/electrolyte interfaces in all-solid-state battery (ASSB) 
structures. We experimentally tested the ALD growth and properties of ultrathin (up to about 20 nm) 
Al2O3, ZrO2 and ZnO coatings in the form of individual layers and nanolaminates (Al2O3/ZrO2, 

Al2O3/ZnO). We used a thermal ALD mode in the temperature range of 100-300C, on various 
substrates (silicon, gallium arsenide) and with the use of various oxygen precursors (water, ozone). The 
precursors of Al, Zr and Zn were, respectively: trimethylaluminum, tetrakis(ethylmethylamino)- 
zirconium(IV) and diethylzinc. We used a number of material characterization methods and proved the 
possibility of controlling the thickness and refractive index of the layers (by spectroscopic ellipsometry), 
structure composition (by X-ray photoelectron spectroscopy, energy-dispersive X-ray spectroscopy), 
coating tightness and electrical properties (by conductive atomic force microscopy-tunneling AFM), 
surface topography (by tapping mode AFM). 

Acknowledgements: 
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Fig. 1. Refractive index (@650 nm), for ultrathin 
Al2O3 on GaAs and Si deposited using different 

oxygen precursors. 

 

Fig. 2. Thickness and refractive index (@650 nm), for 
ultrathin ZrO2 on GaAs, Si, Al2O3/GaAs, Al2O3/Si.  

(a) 

 

(b) 

 

Fig. 3. Tunneling AFM, for the Si (n+) substrate (a) and the decrease in electrical conductivity by three orders of 
magnitude after coating with a layer of 2 nm Al2O3 (b). 
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Sodium tantalate (NaTaO3) has attracted significant attention due to its enhanced photostability and 
effectiveness in charge separation, which promote the efficiency of photoelectrochemical and 
photocatalytic systems. Doping NaTaO3 with metal cations is considered an effective strategy to modify 
its electronic structure, improve optical absorption and photocatalytic activity [1]. Strontium and 
vanadium have been proven to be attractive doping elements for such purposes [2].   

In this study, we have employed chemical beam vapor deposition (CBVD) to deposit Sr-doped, V-doped 
and Sr, V-codoped NaTaO3 thin films via a combinatorial approach. CBVD technique relies on several 
punctual sources to emit, in high vacuum conditions, molecular beams of chemical precursors which 
thermally decompose on a heated substrate. A great variety of combinatorial configurations is 
achievable by changing the number and position of the active sources, enabling stoichiometry tuning 
[3]. X-ray diffraction analysis of the fabricated thin films confirmed the deposition of orthorhombic 
NaTaO3 and a crystal lattice expansion upon the successful incorporation of the two dopants. Optical 
characterization revealed a marked band gap reduction in codoped samples. Finally, the 
photoelectrochemical properties were assessed by linear sweep voltammetry, photocurrent transients 
and electrochemical impedance spectroscopy. It was found that single doping with V and especially 
codoping with Sr and V improved the NaTaO3 activity.  

The combinatorial approach used in this work may promote new strategies in the development of 
increasingly efficient photocatalysts. CBVD technique can play a primary role in this scenario, allowing 
a fast screening of dopants and shedding light on the composition-dependent properties of 
photocatalysts. 
 
[1] Physical Chemistry Chemical Physics, 2014,16, 16085-16094 
[2] ACS Catalysis 2015, 5, 3196−3206; Integrated Ferroelectrics, 127:1, 106-115, 
[3] Nanomaterials 2022, 12(6), 1012 
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Aluminium oxide has been widely investigated and applied since a century however lately it is attracting 
emerging interest in modern technologies. As a thin layers, alumina is currently being applied in a vast 
range of applications i.e. molecular separation, energy generation and storage, microelectronics, 
(bio)sensors, optical devices, protective and anticorrosive coatings. For successful implementation, 
detailed knowledge on the electron and chemical properties, structural defects and their mutual 
relation have to be known.  

In this work, we show how to tune the chemical, electron and structural properties by post-deposition 
temperature treatment. For this purpose, the alumina thin layers were prepared by the sol-gel method 
followed by spin-coating deposition. Then, the layers were annealed at different temperatures for basic 
properties differentiation. For the most comprehensive description, we combined the experimental data 
received from photoelectron spectroscopies (X-ray photoelectron spectroscopy and ultraviolet photoelectron 
spectroscopy) with density-functional calculation while the surface topography and morphology were checked 
with scanning probe microscopies and X-ray diffraction. 

Our research shows that the post-deposition processing temperature impact on the chemical and 
electronic structure is mainly revealed in stoichiometry changes and presence of deep defect states 
(mostly oxygen vacancies) in the band gap in the vicinity of valence band onset. Finally, we do show 
that the temperature impact is systematic, which enables proposed thin film treatment to be applied 
to tune the layers’ properties towards desired application. 

Authors acknowledge the EU’s Horizon 2020 for funding the OCTA project under grant agreement No. 
778158. Research was supported by the "funds for science allocated to the implementation of an 
international co-financed project in 2018–2023" by the Polish Ministry of Education and Science. 
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Most of the constructing materials widely used in industry are made of iron alloys. They are exposed 

to atmospheric conditions and damaged by corrosion.  According to the World Corrosion Organization, 

the annual cost of the process worldwide is over 3% of the world’s GDP. Therefore, there is still a need 

to develop materials extremely resistant to oxidation.  

The main goal of our work is to develop a new class of iron based materials resistant to corrosion. 

Previously [1,2] we reported that the addition of Cr and/or Si atoms to α-Fe drastically reduce the 

oxidation process of iron atoms during exposure to air at high temperature. Transmission Mössbauer 

Spectroscopy (TMS) as well as Conversion Electron Mössbauer Spectroscopy (CEMS) spectra measured 

for the Fe0.85Cr0.10Si0.05 show that corrosion of this material is almost stopped at 870 K and 1070 K. It 

was suspected and confirmed later [3] that this phenomenon is connected with oxygen induced surface 

segregation of Cr and Si atoms.   

Our last work [3] was focused on reduction of the amount of solutes in Fe-Cr-Si alloys without 

deterioration of their anti-corrosion properties. Alloys were heated the in UHV to induce the surface 

segregation (Table 1) and then were oxidized at 870 K. The Fe0.90Cr0.05Si0.05 show similar resistance to 

oxidation as Fe0.85Cr0.10Si0.05 investigated before. Now we compare properties of the Fe0.90Cr0.05Si0.05 

prepared by arc melting and cold-rolled to the thickness of 50 µm to microcrystalline powders prepared 

by mechanical alloying.  

Table 1. Surface concentration ratios of the selected alloys [3].   

 
[1] R. Idczak, Corrosion Vol. 75 No. 10, 1083 (2018).  
[2] R. Idczak, K. Idczak, Metallurgical and Materials Transaction A Vol. 51A, 3076 (2020).  
[3] M. Sobota, K. Idczak, R. Konieczny, R. Idczak, Metallurgical and Materials Transaction A Vol. 53, 3083 (2022).  
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Superalloys are used in various fields and in harsh environments for their corrosion resistance 
properties superior to those of common structural materials. However, when exposed to extremes and 
corrosive atmospheres, these alloys do suffer from corrosion. Controlling and minimizing the oxidation 
of multicomponent metal alloys relies on understanding of the corrosion mechanism and the methods 
or approaches to their passivation.[1-3] As the composition of alloys is generally a critical degree of 
freedom in reducing the extent of corrosion, it is often necessary to conduct studies on many different 
compositions of a given alloy type, in order to maximize corrosion resistance. This can be an arduous 
task; however, high throughput methodologies using materials libraries or composition spread alloy 
films (CSAFs, Fig.[5]) seem to be an ideal way to acquire fundamental knowledge about these systems 
spanning composition space.[4] Herein, we report the study of FexNiyCr1-x-y superalloy CSAFs (~100 nm 
thick), alloys prepared such that a single 14×14 mm Mo substrate is covered with a FexNiyCr1-x-y thin film 
with a lateral composition gradient that spans the entire composition space, x = 0 → 1 and y = 0 → 1- 
x. Energy dispersive X-ray analysis (EDX) has been used to estimate the thickness of the deposited film 
and to map the bulk composition of the film across the CSAF sample. These materials libraries were 
then exposed to a corrosive atmosphere consisting of dry air at temperatures of T = 300-773 K for 
periods of 1 hr. Optical imaging was sufficient to reveal significant differences in the alloy corrosion over 
different regions of composition space. X-ray Photoelectron Spectroscopy (XPS) analyses combined 
with Ar+ etching (depth profiling) yield insight into the composition dependence of the corrosion 
mechanism and its passivation; all obtained by studying one sample. For example we have been able 
to determine the critical chromium composition above which the alloy is passivated against bulk 
corrosion, NCr*(x,y), mapped across alloy composition space. The presentation will highlight the high 
throughput methodology used in this study, illustrate its strengths compared to traditional 
methodologies, and mention some of its limitations. In summary, we demonstrate that these new tools 
enable the creation of datasets that are otherwise inaccessible. These offer new insight into the science 
of alloy corrosion and the engineering of alloy materials for corrosion passivation.  

Fig 1: Schematic representation of a ternary composition spread alloy film ABC [5]  

[1] Stringer J, Materials Science and Technology, 3 (7), 482–493 (1986)  
[2] Pettit F. S., Meier G. H., Superalloys, 651–687 (1984)  
[3] Akande I. G., et al, Materials Today: Proceedings., 43, 2222–2231 (2021)  
[4] Payne, M. A. et al, ACS Combinatorial Science, 18 (7), 425–436 (2016)  
[5] Fleutot, B. et al, Journal of Vacuum Science & Technology A, 30, 061511 (2012)   
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Austenitic stainless steel tends to form a protective layer under the influence of high temperatures. 
Mössbauer spectroscopy can be applied to the characterization surface and bulk of the material.  The 
experiment requires an iron-containing alloy to observe the effect of resonant absorption of gamma 
quanta. Conversion X-ray Mössbauer spectroscopy (CXMS) and conversion electron Mössbauer 
spectroscopy (CEMS) provide information about the material structure at different depths, 10 𝜇m and 0.3 
𝜇m, respectively. This method can give information on the inhomogeneity of the surface layer of the 
material.  

The studied samples were made of metal powder of austenitic stainless steel 316L by selective laser melting 
(Concept Laser, Germany). Initial size of finished samples 25x25x2 mm3. After 3D printing samples were 
grinded by the sand and annealed in air in the temperature range 550 – 1000 °C during 2, 8, 32 hours. In 
addition to Mössbauer spectroscopy, X-ray diffraction (XRD) was used to study the phase composition of 
the oxide layer. Scanning electron microscopy (SEM) and energy-dispersive analysis (EDS) were used for the 
investigation of surface morphology and elemental composition, respectively.   

The CXMS spectra for the samples annealed at 550 °C showed the presence of FCC austenite (γ - phase). 
The obtained spectrum suggests that iron atoms are located in the FCC lattice in the presence of alloying 
elements, which caused a slight quadrupole splitting of the spectrum. No oxide phases were identified at 
this depth. CEMS studies have shown that the tradition FCC structure is present in all spectra. In addition 
to the austenitic phase, there is also the presence of the BCC structure (𝛼 – phase). The sextet 
corresponding to the 𝛼 - phase increased with increasing annealing time. The samples studied using the 
CEMS method showed also the presence of Fe3+ doublet, which corresponds to the iron-containing oxide 
layer. The combination of Mössbauer spectroscopy and other methods (EDS, XRD) allowed to recognize the 
oxide layer as spinel oxide (Fe-Cr)2O3. According to elemental analysis, the amount of chromium increases 
in the surface layer of the sample. Based to the obtained data, the approximate depth of the oxide layer is 
0.6 – 1 𝜇m. The CXMS spectra for all samples annealed in the temperature range 700 – 1000 °C showed the 
presence of a singlet peak corresponding to the FCC phase of iron. With an increase in the temperature 
and holding time of the samples in the furnace, an oxide layer appears on the surface of the samples. On 
the basis of CEMS spectra, this oxide layer is thin and contains Fe3+ atoms. This oxide layer is not 
homogeneous and its thickness increases with increasing temperature and exposure time. EDS analyses 
demonstrate that chromium contest increases during annealing. At the same time, at the 1000 °C 
annealing, the manganese concentration began to grow on the surface of the sample. XRD analysis showed 
the presence of spinel type (Fe-Cr)2O3  oxide and Mn-rich oxide Mn2(Fe-Cr)O4. This formation of oxides can 
be explained by the fact that chromium has a great affinity for oxygen and under the influence of the 
temperature prone to diffusion. Meanwhile, manganese easily diffused in the oxide layer due to the higher 
diffusion coefficient.  
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Sensors containing screen-printed electrodes often have low sensitivity due to limited electron 
transport and need modifications. Herein, we report Ti3C2Tx-MXene modified gold screen-printed 
electrodes (AuSPEs/MXene) as an effective signal transducer for biosensing applications. MXene was 
etched via HF+HCl etching approach and delaminated using lithium fluoride (LiF) to obtain a stable 
colloidal suspension. Etching and the subsequent delamination were investigated by X-ray diffraction 
(XRD), scanning electron microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDXS). Cyclic 
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were performed to elucidate the 
electrochemical performance of AuSPEs/MXene. The disappearance of the XRD peak at 2θ ≈ 38.9° 
indicates the removal of interleaved Aluminum. Also, the usual broadening and downshifting of (002) 
peak to a lower angle (2θ ≈ 6°) corresponds to large c-spacing and indicates the successful exfoliation 
and subsequent delamination (Figure-a). For electrochemical measurements, AuSPEs were modified by 
drop-casting 2μl of 3mg·ml-1 MXene ink onto the working electrode and dried at ambient conditions. 
CV measurements show that the AuSPE/MXene has significant peak currents compared to the bare 
electrode, which can be attributed to MXene's high conductivity and large redox-active surface area 
(Figure-b). EIS Nyquist plots of AuSPE show a semicircle and charge transfer resistance (Rct) was 
calculated to be 972 Ω. The Rct was reduced significantly after MXene modification (AuSPE/MXene) and 
was found to be 132 Ω, indicating improved electron transfer and mass transfer performance (Figure-
c). These results suggest that MXene-modified AuSPEs can serve as a rapid, sensitive, and cost-effective 
real-time clinical and environmental monitoring platform.  

    

 
Figure: (a) XRD patterns of Ti3AlC2 MAX, Ti3C2 multilayers (ML) powder, and delaminated single layer (SL) MXene 

film shows successful etching and delamination. (b) CV experiments of bare and MXenemodified AuSPE 
performed in 40 mM Fe(CN)6

3−/Fe(CN)6
4− in 0.1M PBS as a redox probe. (c) EIS plots of bare and MXene-

modified AuSPE in the frequency range 0.5–10,000 Hz. The measurements were fitted according to Randles' 
circuit (as shown in inset) and showed an enhanced conductivity (reducing the Rct) after MXene modification. 
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Biaxially oriented polypropylene (BOPP) films are produced by stretching melted polypropylene in both 
machine and transverse directions, resulting in thin, transparent, and durable sheets. These films are 
widely used in the electrical industry for capacitors and food packaging due to their chemical 
resistance, optical properties, strength, lightweight nature, low toxicity, and moisture barrier 
properties. However, due to polypropylene's hydrophobic and low-surface energy nature, limitations 
arise in composite materials, printing, dyeing, and coating industries. To address this, the wettability 
and adhesion properties of BOPP films can be improved through various surface modification 
techniques, including physical, chemical, UV, and plasma treatments [1]. One of the most commonly 
used methods for surface modification of polymers is cold plasma treatment, mainly generated by 
dielectric barrier discharges (DBDs) at atmospheric pressure. This method offers several advantages, 
including fast treatment, absence of toxic waste and solvents, effortless control, dry process, and 
anisotropic effects. Depending on the plasma source configuration and working gas, various chemical 
functional groups and free radicals can be generated, significantly altering the polymer surface 
properties [2]. In this comparative study, we subjected the thermally sensitive BOPP film to various 
atmospheric-pressure plasma sources, with exposure times of 1, 5, and 10 seconds, and utilizing 
different working gases. The plasma sources employed were as follows: a nitrogen multi-hollow surface 
dielectric barrier discharge (MSDBD) [3], an argon cylindrical plasma jet array [4], a diffuse coplanar 
surface barrier discharge (DCSBD) generated in ambient air and nitrogen gas [5], and a linear nitrogen 
DCSBD-based plasma system. To assess the wettability, morphology, and surface chemical composition 
of the plasma-treated BOPP film, we employed water contact angle (WCA) measurement, scanning 
electron microscopy (SEM), atomic force microscope (AFM), and X-ray photoelectron spectroscopy 
(XPS) analyses. Furthermore, the adhesion properties were evaluated through peel force 
measurements. The most significant decrease of the WCA to 37.9° compared to the reference sample's 
value of 100.8°, was observed immediately following treatment with the linear nitrogen DCSBD-based 
plasma system. Furthermore, adhesion increased approximately fourfold immediately after treatment 
with air DCSBD. Overall, our findings demonstrate the effectiveness of various atmospheric-pressure 
plasma sources in modifying the wettability, surface morphology, and chemical composition of 
thermally sensitive BOPP films. These results highlight the potential of plasma treatment for enhancing 
the adhesion properties of BOPP films. Moreover, treatment with all plasma sources resulted in 
increased wettability, even after just 1 second of plasma exposure.  

This research has been supported by the project LM2023039 funded by the Ministry of Education, 
Youth and Sports of the Czech Republic. 
 
[1] Nemani, S.K., Annavarapu, R.K., Mohammadian, B., Raiyan, A., Heil, J., Haque, M.A., Abdelaal, A. and Sojoudi, H., Advanced 
Materials Interfaces, 24, 1801247 (2018) 
[2] Šrámková, P., Kelar Tučeková, Z., Fleischer, M., Kelar, J. and Kováčik, D., Polymers, 23, 4173 (2021) 
[3] Krumpolec, R., Richter, V., Zemánek, M. and Homola, T., Surfaces and Interfaces, 16, 181-187 (2019) 
[4] Siadati, S., Pet’ková, M., Kenari, A.J., Kyzek, S., Gálová, E. and Zahoranová, A., Journal of physics D: Applied physics, 2, 025204 
(2020) 
[5] Černák, M., Kováčik, D., St'ahel, P., Zahoranová, A., Kubincová, J. and Tóth, A., Plasma Physics and Controlled Fusion, 12, 
124031 (2011)  
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Modification of organic or inorganic surfaces by grafting polymer brushes has been extensively studied 
in recent years, because those intelligent surfaces provide lots of useful functions [1]. Among various 
grafting methods, surface-initiated atom transfer radical polymerization (SI-ATRP) is one of the most 
promising techniques to fabricate well-defined polymer brushes on surfaces. It allows the production 
of surface-tethered coatings characterized by controlled composition and predetermined thickness. 
Additionally, SI-ATRP can be carried out in an aqueous environment combining ecological aspects with 
a rapid rate of polymerization resulting in µ-range thicknesses [2].  

Poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA) cationic brushes are often building blocks for 
the creation of smart materials, because of their miscellaneous physicochemical characteristics, 
including sensitivity to light, pH, and temperature. Furthermore, the tertiary amine groups found in the 
PDMAEMA structure can be quaternized to receive bactericidal and antifouling materials [1]. In this 
contribution, we developed a facile, economical, and environmentally-friendly procedure for controlled 
grafting of PDMAEMA brushes from glass surfaces, both in mL and µL scale, utilizing aqueous solutions 
of sunflower honey as a source of reducing sugars and accelerator for activators regenerated by 
electron transfer (ARGET) ATRP of DMAEMA [3]. The resulting materials can serve as glass with 
multifunctional surfaces for various purposes. Kinetics investigation of DMAEMA polymerization in 
solution was followed by proton nuclear magnetic resonance (1H NMR) and gel permeation 
chromatography (GPC). Atomic force microscopy (AFM) measurements were performed to investigate 
polymeric brush layer thickness. Elemental composition was also tested using scanning electron 
microscopy with time of flight secondary ion mass spectrometry (ToF-SIMS).  

Financial support from Ministry of Education and Science under the program "Students Research Clubs 
creates innovations" (Contract no: SKN/SP/569572/2023) and from National Science Centre in Poland 
as a part of the SONATA BIS 10 project (2020/38/E/ST4/00046).  
 

  

  
Fig. 1. The multifunctional properties of glass-g-PDMAEMA materials.  

[1] T. Sato, G. J. Dunderdale, C. Urata, A. Hozumi, Macromolecules, 51, 10065-10073 (2018)  
[2] M. Flejszar, K. Ślusarczyk, P. Chmielarz, J. Smenda, K. Wolski, Ma. Wytrwal-Sarna, M. Oszajca, Polymer, 257, 125268 (2022)  
[3] [3] I. Zaborniak, P. Chmielarz, European Polymer Journal, 183, 111735 (2023)  
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Cross-linking is an important process in biomedical engineering as it is used to modify the physical 
properties of various biomaterials. It involves the formation of covalent bonds between polymer 
chains, which can increase the strength and stability of the material1. Particularly in tissue engineering, 
cross-linking can be used to obtain stable scaffolds that can support the growth of cells2. However, it is 
important to note that the cross-linking process has to be carefully controlled to avoid negative effects 
on biocompatibility and cellular response. Excessive cross-linking can make the material too rigid, 
preventing cells from attaching and growing properly. Additionally, some cross-linking agents can be 
toxic or trigger an immune response3.  

 
Fig. 1 Scheme of preparation hybrid material for tissue regeneration.  

An attempt was made to obtain hybrid materials based on carbon nonwovens with a layer of cross-
linked hyaluronan modified with peptides that are fragments of BMP proteins4. A variety of cross-
linking methods were tested to find the most optimal method from the perspective of the possibility 
of coating the hydrophobic carbon nonwoven with a hydrophilic hyaluronic acid layer. It was found that 
chemical cross-linking of polysaccharides is an effective method for the deposition of a polar active 
substance on the surface of a hydrophobic carbon nonwoven fabric, and the final materials are much 
more biocompatible compared to the unmodified material based on carbon nonwoven5.  
 
This research was funded by National Science Centre, Poland, grant number: UMO-
2018/31/B/ST8/02418. 
[1] Kim, H. et al., Biomaterials, 123, 155-171 (2017) 
[2] Chen, A. et al., ACS Appl Bio Mater., 3, 3039-3048 (2020) 
[3] Mlc, P. et al., Biopolymers, 82, 74-79 (2006) 
[4] Magdziarz, S. et al., Polymers, 15, 1551 (2023) 
[5] Frączyk, J. et al., Materials, 14, 3198 (2021) 
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This report presents a method of surface coating with silk fibroin (SF). Since silk proteins have been 

characterized by high biocompatibility, low cytotoxicity and biodegradability they are applied to modify 

various surfaces including textile ones. In this study, the fibrous system coated with SF was designed 

for the sustained release of active substances. The electrospun polycaprolactone (PCL) fibers containing 

a model antibiotic of ciprofloxacin (CIP) were applied as a core. The outer shell layer is formed by facile 

coating with SF from an aqueous solution and further crystallization of the SF layer by ethanol vapor to 

make SF insoluble in the biological environment. The ethanol-treated SF layer was insoluble in water 

for over a week. SF was obtained from cocoons of Bombyx mori by degumentation, fibroin dissolution, 

and dialysis [1]. It was found that the wetting pre-treatment of water/isopropanol 1:1 (v/v) is a key 

issue for efficient SF coating formation. The mean diameters of the fibers are about 1.77, 1.88 and 1.85 

µm respectively for PCL, PCL/SF and PCL/SF_cryst fibers and SF layer thickness was about 100 nm (SEM). 

FTIR and Raman spectroscopies showed typical assignments for PCL nanofibers and additional bands 

related to CIP and SF presence. SF layer after the ethanol treatment shows the dominant contribution 

of β-sheet structures in protein, typical for crystalline SF.   

The water contact angle analysis revealed that SF coating make the fibers hydrophilic surface.  CIP 

release from PCL fibers, according to the Fickian diffusion mechanism, is controlled by diffusion through 

the amorphous regions of the polymer matrix [2]. SF layer slows down the rate of CIP release. The 

quantitative evaluation of CIP activity in liquid media indicated comparable efficiency of antibiotics for 

SF-coated and uncoated sample of about 98 % for S. aureus and K. pneumoniae, (The bacterial growth 

reduction). However, the SF coating affected CIP release rate and the inhibition zone for both bacteria 

strains was smaller.   

Our findings indicate that SF coating can be applied to modify the properties of textile structures and 

control of drug release.  

The study was carried out in the frame of statutory activities (00/BCW/01/00/1/3/0178) of the 

Lukasiewicz Research Network – Lodz Institute of Technology in 2023 financed by the Ministry of 

Science and Higher Education.  

 

[1] A. Baranowska-Korczyc et al.Materials, 2021, 14(22), 6919. 

[2] A. Baranowska-Korczyc et al. RSC Adv., 2026, 6, 19647.  
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The growth mode of crystals is an important aspect when preparing surfaces and mulslayer films for 
various applicasons. Typically, the crystal will grow layer-by-layer (LBL), i.e. two-dimensional, at high 
enough temperature, in the so-called step-flow mode, while at lower temperature islands form on top 
of surface islands and the growth becomes three-dimensional. The criscal feature of the energy 
landscape describing a deposited adatom with the surface is the barrier for downstepping at a 
descending step edge.  This is referred to as the Ehrich-Scwoebel (ES) barrier. At the high temperature 
of LBL growth, the thermal energy suffices to overcome the ES barrier while at a lower temperature the 
adaptor cannot descend and eventually parscipates in the nucleason of a new island on top of an 
exissng one. However, remarkable observasons have been made in experimental measurements of 
metal crystal growth, most extensively for Pt(111) where further lowering of the temperature, down to 
around room temperature, the growth mode again becomes LBL [1], as deduced from the scaMering 
of low energy He atoms from the growing surface. This has been referred to as re-entrant LBL (Re-LBL) 
growth. The explanason given early on associated this re-emergence of LBL growth with a change in 
the size and/or shape of the islands on the surface. While early STM measurements where not 
consistent with the scaMering measurements, this was later found to result from CO impurises on the 
surface and later experiments with lower background pressure indeed revealed both a change from 
nearly triangular islands at 400 K to smaller dendrisc islands at 300 K [2].  

The quesson ssll remains what feature of the energy landscape is responsible for the Re-LBL and, 
thereby, how one could predict whether a crystal surface will undergo Re-LBL growth at low 
temperature. Early calculasons based on embedded atom and effecsve medium theory potensal 
funcsons idensfied a 'hole' in the ES barrier near, but not at, kink sites on step edges of islands [3]. 
Descent at such sites tends to create more kink sites and thereby proliferason of holes offering low 
energy pathways for downstepping of adatoms. However, our recent density funcsonal theory (DFT) 
calculasons of a Pt adatom on top of a striped island on Pt(111) have revealed another feature of the 
energy landscape that calls for re-evaluason of the issues involved and possibly re-definison of the ES 
barrier [4]. It turns out that the energy barrier for the descent of an adatom from a site adjacent to the 
step edge down to the lower layer is not the decisive feature of the energy landscape but rather a long 
range variason of the binding energy and migrason barrier as the adatom approaches the step edge. 
The basic reason for this is elassc strain and induced by the presence of the step. Based on these 
calculasons, it is more the small size of islands, and in parscular the arms of the dendrisc islands, that 
cause the ES barrier to becomes smaller at low temperature and bring in the Re-LBL, rather than the 
presence of kinks. In any case, the noson of the ES barrier and the way it is calculated theorescally 
needs to be changed drasscally from what has been pracsced for the past few decades.    

[1] R. Kunkel, B. Poelsema, L. K. Verheij, and G. Comsa, Phys. Rev. Le@. 65, 733 (1990).  
[2] M. Kalff, G. Comsa and T. Michely, Phys. Rev. Le@. 81, 1255 (1998).  
[3] H. Jónsson,, Annual Review of Physical Chemistry, 51, 623 (2000).  
[4] A. Pena-Torres, V. Ásgeirsson, G. S. Sun and H. Jónsson (unpublished). 
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Ion irradiation offers great possibilities to modify the surface morphology of materials. Exposed to a 
broad ion beam, the surface of a solid is either smoothed or various nanoscale patterns emerge 
depending on the irradiation conditions and the material properties [1]. Surface patterns produced by 
ion irradiation can be used as templates for bottom-up fabrication of nanostructures. Here we present 
an approach for the bottom-up fabrication of FeSb2 nanowires on crystalline GaAs(001) substrates with 
ion-induced surface nanopatterning. 

GaAs(100) substrates were pre-patterned using ion irradiation at elevated temperatures of 400°C with 
a broad, unfocused ion beam of 1 keV Ar+ at normal incidence. The self-organized surface pattern is 
characterized by almost perfectly parallel-aligned ripples at the nanometer scale [2]. For the fabrication 
of FeSb2 nanowires, iron and antimony were successively deposited on the pre-patterned GaAs 
substrates at grazing incidence and post-annealed at 250°C in vacuum.  

Using high-resolution TEM imaging for structural analysis and spectrum imaging based on energy-
dispersive X-ray spectroscopy for elemental characterization it was shown that FeSb2 nanowires have 
been produced successfully on GaAs(100) substrates with an ion-induced nanopatterned surface [3] 
(Fig. 1). The nanowires have a polycrystalline structure and a cross-sectional area, which is scalable up 
to 22x22 nm2. Due to the highly ordered nanostructure of the GaAs substrates, the nanowires have a 
length of several 100 μm. This bottum-up fabrication method for nanowires is suitable for several 
application, e.g. thermoelectric, catalytic, magnetic, optical or biological devices. 

  

Fig. 1. Cross-sectional overview bright-field TEM image of an array of nanowires in (A) and HR-TEM image of an 
individual nanowire in (B) with corresponding EDXS based element distributions of Fe and Sb in (C), and of Fe, 

Sb, Ga, As, and O in (D). EDXS coloring: Fe - blue, Sb - magenta, Ga - red, As - green, oxygen – white. 
 
[1] Cuerno R, Kim JS, J Appl Phys, 128, 180902 (2020) 
[2] Ou X, Heinig KH, Hübner R, Grenzer J, Wang X, Helm M, Fassbender J and Facsko S , Nanoscale 7, 18928 (2015). 
[3] Weinert T, Hübner R, Facsko S and Erb DJ, Front. Phys. 11, 1149608 (2023). 
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Waferbonding is an increasingly important technical process for fabricating advanced semiconductor 

structures as e.g. tandem or tridem solar cells, MEMS, etc. Within a cooperation between JKU and 

EVG lasting for more than 10 years, wafer bonding processes for Si, SiO2, LiNbO2, SiC and other 

compound semiconductors have been developed[1].  The physics of the interfacial processes is, 

however, not really well understood and often a multitude of heuristic approaches is tested to 

achieve a high bond strength at a comparable low temperature. In our contribution we will review 

published experimental findings and present in addition a general model based the minimization of 

Gibbs free energy G, containing besides the usual thermodynamic quantities also contributions from 

chemical potential, magnetic energy, electric energy, strain energy, and most important, interface 

and surface energies (meaning of symbols as usual)  

 
Certain splitting and bonding steps will be explained and the respective Gibbs energy change will be 

estimated, for the following cases:   

a) splitting of solid materials and the creation of two additional free surfaces,   

b) influence of the environment and adsorption processes,   

c) the (plasma)  activation of the surface or topmost layers,   

d) finally the reduction of Gibbs energy when the materials are brought into contact and the activated 

states decay and thereby form a bond.   

In the presentation special emphasis will also be laid on the importance of metastable states and 

kinetic processes.  

[1] e.g. N. Rauch et al., Appl. Phys. Lett. 121, 081603 (2022)  

  

Wed-17:30-O-S&A

273



Triggering the ring growth by manipulating Pb-islands  
on Si (111) -(7x7) 

 
P. P. Schmidt1, F. Hartmann1, L. Faber1, R. Hoffmann-Vogel1 

 
 

1Institute of Physics and Astronomy, University of Potsdam, Karl-Liebknecht-Straße 24/25,14476 
Potsdam-Golm, Germany 

 
Email address of corresponding author: paulschm@uni-potsdam.de 

 

Pb/Si (111) has been the subject of research for almost two decades due to its pronounced quantum 

well effect and its special growth mode. The diffusion behavior is still not fully understood. One issue 

with experimental investigation using atomic force microscopy (AFM) is the fast dynamics in this 

system. Islands grow explosively fast and their growth cannot be imaged [1]. The same applies to the 

rings that form when an island grows in height. To learn more about island growth and ring formation, 

we deliberately triggered ring growth by manipulating an island. For this experiment, we evaporate 

approximately 5 monolayers of Pb onto Si (111) -(7x7). The substrate was cooled to 120 K during 

evaporation to prevent ring formation on the island. The substrate was then gradually heated to 300 K 

and the island was manipulated to induce ring growth. For this we used our AFM cantilever to move 

material on the island via sample contact, causing a local imbalance and prompting the island to form 

a ring. In addition to non-contact AFM topography measurements, local contact potential differences 

were measured using Kelvin probe force microscopy (KPFM). We show that we can use this 

methodology to manipulate islands without imbalancing the global system. We can use it to locally 

investigate the mass transport behaviour of Pb on a single island. In addition to the intended ring 

growth, we observed that the island transformed into a hexagon. We also show how the local 

behaviour of the manipulated island and the global behaviour of the surrounding islands differ. 

 

(a)                                                             (b)                                                                (c) 

 

 

 

 

Fig. 1.  Topographic images measured by NC-AFM with a super sharp silicon cantilever. (a) shows the initial state 
before manipulating one Island. (b) is the moment of manipulation. The Ring starts to grow directly after tip-

contact. (c) shows the same area 93 min after (b). 
 
 
[1] M. Hupalo, S. Kremmer, V. Yeh, L. Berbil-Bautista, E. Abram and M. C. Tringides, Surf. Sci. 493, 526-538 (2014) 
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The formation and following accretion of different forms of ice poses serious safety and operational 
challenges in wind farms and airplanes, high voltage power lines, telecommunication systems, 
condenser surfaces, offshore platforms, locks, and dams. Intense efforts are therefore dedicated to 
developing passive ice protection systems (IPS) that can control or prevent ice formation. Anti-wetting 
materials applied on the target surface have been explored as potential ice-phobic surfaces [1], with 
the Slippery, Liquid-Infused Porous Surfaces approach (SLIPS) being one of the most innovative and 
intriguing possible solutions to inhibit ice accretion or weaken the ice adhesion strength without any 
power supply [2]. This study presents the design of anti-wetting hybrid SLIPS coatings for cold 
environments that comprise an inorganic, porous ceramic scaffold with grafted fluoroalkyl silane 
molecules infused with a lubricant polymer. The reduction of ice adhesion was determined with the 
Double Lap Shear Test, while the dynamic behavior of droplets was evaluated via goniometric contact 
angle hysteresis calculation, at both room and sub-zero temperatures [3, 4].   
The modeling of the different icing phenomena that happen on the proposed air intake, dedicated 
testing methodologies have been developed: i) direct impingement of supercooled droplets through 
an icing wind tunnel located in a cold climate chamber, and ii) running wet icing in which there is a 
water flow coming from an upstream heated area. 

[1] A. J. Meuler, J. D. Smith, K. K. Varanasi, J. M. Mabry, G. H. McKinley, R. E. Cohen, ACS Applied Materials and Interfaces, 2, 
3100, (2012) 
[2] S. B. Subramanyam, K. Rykaczewski, K. K. Varanasi, Langmuir, 29, 13414 (2013) 
[3] A. Corozzi, G. Boveri, F. Veronesi, M. Raimondo, Coatings, 11, 77 (2021)  
[4] F. Veronesi, G. Boveri, J. Mora, A. Corozzi, M. Raimondo, Surface & Coatings Technology, 421,127363 (2021)  

Thu-14:00-O-S&A

275



Design and development of highly robust hydrophobic 
plasma polymer film on glass substrate 

 
O. Sharifahmadian1, A. Pakseresht1, S. Mirzaei2, 3, M. Eliáš2, and D. Galusek1, 4 

 
1  Centre for Functional and Surface Functionalized Glass, Alexander Dubček University of Trenčín, 

Trenčín, Slovakia 
2 CEITEC BUT, Brno University of Technology, Purkynova 123, 61200 Brno, Czech Republic 

3 Fraunhofer Institute for Material and Beam Technology (IWS), 01277 Dresden, Germany 
4 Joint Glass Centre of the IIC SAS, TnUAD, and FChPT STU, Trenčin, Slovakia 

 

omid.sharifahmadian@tnuni.sk 

A promising method for enhancing the efficiency of self-cleaning glasses and solar cells is to fabricate 
hydrophobic surfaces with a low coefficient of friction [1,2]. To achieve this goal, (F, Si) hydrogenated 
carbon film on a glass substrate was produced using plasma-enhanced chemical vapor deposition 
(PECVD). To elucidate the performance of the (F, Si) carbon film, it was compared to diamond-like 
carbon (DLC) films doped with different elements, such as fluorine and silicon. Raman spectroscopy 
revealed that Si-doped DLC (Si-DLC) film has the highest sp3/sp2 ratio of carbon hybridization, while 
fluorine-doped DLC (F-DLC) film has the lowest sp3/sp2 ratio of carbon hybridization, both of which 
affect the mechanical properties of the films. The X-ray photoelectron spectroscopy (XPS) showed that 
SiC can be formed by incorporating silicon into the DLC film. In addition, CF2 and CF3 groups are created 
in fluorinated samples such as F-DLC and (F, Si) carbon films. Due to the highest surface concentration 
of CF2 and CF3, the (F, Si) carbon film exhibited the strongest hydrophobic behaviour (Fig. 1). Nano-
scratch and nanoindentation tests were used to analyse the nanomechanical behaviour of the films. 
The Si-DLC film had the highest adhesion strength, whereas the (F, Si) carbon film displayed the lowest 
coefficient of friction. The adhesion strength of the (F, Si) carbon film was comparable to that of the Si-
DLC film because the Si-DLC film was deposited as a sub-layer of the (F, Si) carbon film. The highly robust 
hydrophobic (F, Si) carbon film fabricated in this study shows potential for the surface engineering of 
self-cleaning glasses. 
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Fig. 1. Water and diiodomethane contact angles of the glass substrate and the films. 

[1] C. Agustín-Sáenz et al., Sol. Energy Mater. Sol. Cells. 216, 110694 (2020).  
[2] S. Maharjan et al., Mater. Chem. Phys. 239, 122000 (2020). 
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Freshwater scarcity is one of the world’s biggest problems, affecting every continent and over 700 million 

people today [1]. With global warming, drought, overuse that do not respect sustainable development, this 

water shortage will become more widespread, while water is essential to life and is the most abundant 

resource on our planet, mainly in the form of salt water.  

Tremendous efforts have been devoted to searching for practicable and efficient technological solutions for 

desalinating seawater and among them, solar-driven distillation processes, were found to be the simplest 

and the most environmentally sustainable. However, considerable progress remains to be made in terms 

of steam collection efficiency.  

To this end, various hydrophobic to superhydrophobic structured glass surfaces, inspired by the shell of the 

Namib desert beetle [2], have been produced. Silica nanoparticles modified with different 

organotrichlorosilanes R-SiCl3 (octadecyl-, ethyl-, 1H, 1H, 2H-perfluorooctyl- trichlorosilane) have been 

successfully deposited on glass plate surfaces by means of a simple dip coating process [3]. These 

asprepared surfaces have been characterized by SEM showing a quasi-homogeneous coating of the glass 

slides by the functionalized nanoparticles and by contact angle measurements (θ> 160 °) revealing their 

superhydrophobic character (figure 1).   

These surfaces were subjected to seawater vapor condensation tests in our self-built desalination tank. 

Several studies have been carried out, such as the influence of the contact angle on the volume of water 

recovered, showing that the greater the contact angle, the greater the volume of water and the harvest 

was increased by 180% compared to untreated virgin glass. Moreover, the quality of the water was found 

to be close to demineralized water.  

  

Figure 1: comparison between an untreated glass and a glass treated by dip coating with the compound OTCS  

[1] N. Dhakal, N. Dhakal, S.G. Salinas-Rodriguez , J. Hamdani, A. Abushaban, H. Sawalh, et al Membranes, 12, 381 (2022).  
[2] E. Kostal, S. Strøj, S. Kasmann, V. Matylitski, and M. Domke, Langmuir, 34, 2933 (2018).   
[3] Q. Ke, W. Fu, S. Wang, T. Tang, and J. Zhang, ACS Appl. Mater. Interfaces, 2, 2393 (2010).  
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Paper coatings, although imperceptible at first glance, are present on the surface of many objects used 
in our daily life such as food packaging, disposable tableware made of cardboard, release liners – 
carriers for stickers, tapes, labels, hygienic products etc. Such coatings are mostly based on 
nonrecyclable and non-biodegradable chemicals. Would it be possible to replace them with biobased 
alternatives? Here we present novel results of our research on the plants-based hydrophobic 
nanocomposite coatings for paper produced by two sustainability-oriented coating technologies – UV 
and plasma polymerization. Acrylated epoxidized linseed oil (AELO) as a prepolymer resin was 
synthesized according to the protocol described in paper [1]; vanillyl alcohol methacrylate (VAM) and 
eugenyl methacrylate (EM) resin were obtained by methacrylation reaction of vanillyl alcohol and 
eugenol with methacrylic anhydride following adopted procedure from the reference [2]. Sea shells´ 
particles (SS) and cellulose nanocrystals (CNC) were modified with (3-chloropropyl)trimethoxysilane 
and used as biobased fillers. 1-hydroxycyclohexyl-phenyl ketone (Irgacure 184) was used as a 
photoinitiator and poly(dimethylsiloxane-co-(2-(3,4- epoxycyclohexyl)ethyl) methylsiloxane  
(PDMSECEMS) was added as a hydrophobic additive to the UV-cured formulations.  Curing 
formulations were applied to Glassine paper (1-4 μm) and exposed for 30 seconds to UV light with an 
intensity of 650 mJcm-2 in average. AELO resin was diluted with isosorbide methacrylate prior to UV 
curing. VAM and EM coatings reinforced with SS and CNC particles were additionally studied by argon 
plasma deposition on silicon wafer being exposed to energy of 50 – 100 W (50 passes) with a monomer 
flow ranging from 10 to 50 μlmin-1 and plasma deposition rate of 50 mms-1.  Structural changes were 
monitored by FT-IR and XPS spectroscopy; surface of the coatings was analyzed by SEM microscopy, 
and hydrophobic properties of the coatings were characterized by contact angle (CA) and surface 
energy (SE) measurements. FT-IR analysis confirmed a successful conversion of double bonds during 
polymerization. XPS-analysis indicated that in average 8% of Si atoms 
was attached to SS and 11% to CNC particles. SEM analysis showed a 
uniform distribution of SS and CNC in the polymer matrix. The highest 
CA (111°) and SE (16 mNm-1) were determined for both AELO coatings 
containing CNC and SS particles, while CA of 106° was determined for 
EM and VAM nanocomposite coatings (SEEM=15 mNm-1; SEVAM=17 
mNm-1). The results revealed the potential of the studied resins and 
fillers to be used in paper coatings as sustainable materials and our 
future work will be focused on optimizing the barrier properties of 
the UV- and plasma-polymerized coatings.  

Fig. 1. SEM image of EM-CNC  
[1] A. R. Mahendran et al., Progress in Organic Coatings, 74, 697–704 (2012)              plasma-polymerized nanocomposite.  
[2] J. F. Stanzione et al., ChemSusChem, 5, 1–8 (2012)   
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Climate change requires to improve efficiency of aircraft to ensure sustainable operation within the 
next years. Composite materials substituting alumina structures decrease the overall weight and 
simultaneously the fuel consumption significantly, but prevent the use of bleed air systems for de-icing 
of structural parts. 2D-material based thermoelectrical systems are a lightweight alternative for de-
icing. 

Electrochemically produced graphene nanosheets are applied on aeronautical substrates via spray-
coating. The resulting conductive layer (see Fig. 1 a)) appears in suitable resistance ranges for 
thermoelectrical de-icing. Simple characterization methods (e.g., XRD, powder conductivity and 
roughness measurement) elucidated parameters like crystallite sizes, particle conductivity and 
substrate roughness. In combination with Monte-Carlo simulation modelling the contact area of 
individual particles, a mathematical description of the particle layer’s conductive properties was 
established (see Fig. 1 b)). This model enables us the prediction of conductive properties based on the 
amount of 2D material sprayed on various substrates and further produce tailored properties to the 
respective heating demands of an aircraft operating in icing conditions. [1,2] 

Due to the simplicity of the model parameters, transfer to other 2D materials and a broad variety of 
substrates is possible. By understanding the electrical properties of 2D materials based functional 
layers, the applicability of the model extends also to fields like electrocatalysis, energy materials and 
sensors. 

The GRAPHICING project has received funding from the Clean Sky 2 Joint Undertaking under the 
European Union’s Horizon 2020 research and innovation programme under grant agreement 
No. 886376. 

 

Fig. 1. a) Graphene Nanosheets (GNs) sprayed on an epoxy-coated Al2024 substrate; b) Relation between sheet 
resistance and applied GNs concentration on two substrates: experimental fit and established math. model. [2] 

 
[1] Ostermann M, Velicsanyi P, et al. Development and Up-Scaling of Electrochemical Production and Mild Thermal Reduction 
of Graphene Oxide. Materials. 2022; 15(13):4639. DOI: 10.3390/ma15134639 
[2] Ostermann M, et al. L-Ascorbic Acid treatment of Electrochemical Graphene Nanosheets: Reduction Optimisation and 
Application for De-Icing, Water Uptake Prevention and Corrosion Resistance. ACS Applied Materials & Interfaces; 2023, 15 (18), 
22471-22484. DOI:10.1021/acsami.2c22854 
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Silicon surfaces produce unique stress distribution corresponding to the reconstruction based on 
dangling bond reduction and adatom formation. It is known that a reconstructed Si(110)-“16×2” 
surface has a chiral structure (L or R) with one-dimensional mono-atomic steps and pentagon pair rows 
along [1-12] and/or [-112] directions. The chiral structures are generated as a double domain on the 
surface as well as a combination of both, however, the mechanism of double-domain formation has 
not been elucidated, and no method has yet been established to reproducibly and selectively control 
the chirality of one of them.  

Here we show the internal surface stress contrast between reconstructed Si(110)-“16×2” and 
hydrogen-terminated Si(110)-1×1 surfaces. And we show that an externally uniaxial stress-driven 
Si(110)-“16×2” structure controls the chiral one-dimensional reconstruction.  

We found the Si(110)-“16×2” reconstruction has anisotropic tensile stress intrinsically on the bulk 
Si(110)-1×1 structure. Furthermore, we were able to find selectively the chiral reconstructed structure. 
Our results demonstrate how to form homochirality on the Si surface, which consists of a one-
dimensional chiral structure. We anticipate our results to be starting point for the establishment of a 
new highly efficient and stable method for the complete separation of chiral substances. It is also 
expected to have a significant ripple effect that will directly lead to innovations in novel optical 
silicon devices. 

 

 

Fig.1 Evolution of surface stresses during 
atomic hydrogen exposure of Si(110)-“16×2”. 

[1̅11] 

 [11̅2] 
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Due to the high aspect ratio and stable mechanical properties, the conical surface nanostructures 
show wide potentials in many application fields such as optics, electronics, thermology and biology. 
However, the complicate fabrication processes combined lithography and etching are not good 
enough to meet specific requirements for applications [1].  
In this work, we developed a bias-assisted plasma etching technology for fabricating nanocone arrays 
on the surface of diamond films without mask. During the fabrication process of nanocone arrays, the 
mixtures of CH4 and H2 were used as etching gases, an negative bias voltage of about -300V was 

applied to form plasma, and the temperature of diamond film substrate is about 800-1000℃. The as-
formed diamond nanocone arrays show many advantages such as large area, uniform orientation and 
controllable density as shown in Fig.1. We suggested that the self-organized selective sputtering 
effect of methylic ions play key roles for the formation of nanocones. The field electron emission, 
electron transport, gas sensitivity and other unique properties from the diamond nanocones are 
studied [2].  
 

 
 

Fig.1 Diamod nanocone arrays etched by ion beam without mask 
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Easy band gap control of InSe is a necessary feature for next generation 2D materials. InSe is attracting 
considerable attention due to its promising electrical and optoelectronic properties although it is 
vulnerable to oxidation. However, the variety of oxidation of InSe has not yet been clearly understood 
[1, 2]. Here, we unveil the missing early step of oxygen adsorption resulting in alternation of intra- and 
inter-layer properties by using in-situ soft X-ray spectroscopy for three different oxidation conditions. 
Se vacancies or InSex provides energetically favorable sites of which oxidation reproduces vacancy 
defects. At room temperature, the reactivity of Se is observed to be greater than that of In. However, 
annealing or surface etching induces In oxidation. In the early stages, chemisorption is not energetically 
favored, and instead the physically adsorbed oxygen increases the hole density without changing the 
electronic structure of the valence band, resulting in p-doping. Further exposure to oxygen initiates 
chemical transformation, resulting in the formation of SeO2. The chemically modified surface layers are 
electron-rich and generate a photovoltaic response. This study deepens our understanding of surface 
oxidation of InSe, which appeared in different way depending on environments. 
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Fig. 1 Electrical property change of InSe according to oxidation progress. Scheme of the valence band structure 
base on the Fermi level (EF, 0eV) as a contour map 
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In this study, the impact of ions, ion energy, and radicals on HAR oxide etch characteristics, which are 
important parameters of high aspect ratio (HAR) oxide etching, were investigated using low frequency 
(2 MHz) bias power in an inductively coupled plasma (ICP). First, the process was designed to primarily 
change only each of these parameters to determine the effect on the etch characteristics. In order to 
confirm this plasma characteristic change, plasma diagnosis was performed using double Langmuir 
probe (DLP) and active species analysis was performed using optical emission spectroscopy (OES). In 
addition, VDC was investigated to confirm the energy change of ions. To confirm the effect of these 
plasma characteristics on the etching characteristics, X-ray photoelectron spectroscopy (XPS) analysis 
was also performed for surface analysis. At the same time, 100 nm (etch area)/500 nm (mask area) line 
patterns were used for the analysis of the etched profile using field-emission scanning electron 
microscope (FE-SEM) equipment. 

In this work, we suggest that it is possible to obtain a vertical profile of the oxide in the ICP etching 
system because of higher VDC at the low frequency (2 MHz) bias power, compared to the high frequency 
(13.56 MHz) bias power and very low process pressure at ICP system. Through these plasma parameter 
changes, we discussed the effect of each plasma parameter on the HAR oxide film etch characteristics 
in detail. 
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In this study, high-aspect-ratio (HAR) oxide etching characteristics in inductively coupled plasma (ICP) 
was investigated using low frequency (2 MHz) bias power. For HAR oxide etching, a 
Hexafluoroisobutylene (C4H2F6) with a low global warming potential of 18 was used, as an alternative 
gas for C4F8 gas. An experiment was conducted using CF4/C4H2F6(or C4F8) /He as the mixed gas. 100 nm 
(etch area)/500 nm (mask area) line patterns were used, and the etch cross section and etch selectivity 
of the amorphous carbon layer thin film were derived using a scanning electron microscope (SEM). Ion 
density was extracted using a double Langmuir probe, and CFx and F neutral species were observed via 
optical emission spectroscopy. Furthermore, X-ray photoelectron spectroscopy and surface energy 
measurements were conducted for surface analysis. In this work, we extracted the very vertically 
etched profile of the high aspect ratio oxide patterns using C4H2F6 gas chemistry at the ICP etching 
system. The etching characteristics of the oxide films was also investigated. Based on these results, the 
possibility for HAR oxide etching using C4H2F6 gas chemistry was first suggested in this work. These 
results also indicate that the use of C4H2F6 gas can significantly reduce global warming concerns and 
contribute to the development of next-generation HAR oxide etching process. 
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Water's ubiquitous nature and the critical importance of understanding the growth of ice films on 
surfaces from both a fundamental and applied perspective have led to extensive investigations into the 
structure and properties of ice on surfaces [1]. Water molecules on surfaces engage in uniquely 
anisotropic electrostatic interactions, namely hydrogen bonds, between molecules, and simultaneously 
they also experience electrostatic and, in some cases, covalent interactions with the surface [2]. These 
interactions are critical to fundamental aspects of ice on surfaces, including its crystal growth, structure, 
wetting behavior, phase transitions, and proton ordering.   

Among the experimental methods, thermal desorption (TD) spectroscopy (TDS) is widely used, and TD 
spectra of ice are highly sensitive to these water-related interactions. For example, the TD spectra of 
ice on Pt (111) (a hydrophilic surface) and Cu (111) (a hydrophobic surface) demonstrate distinct 
differences, indicating that the nature of water-surface and water-water interactions and the 
corresponding ice structure have a significant impact on the TD spectra [1]. These variations in the 
spectra are due to the fact that the desorption kinetic parameters, such as desorption energy (Ed) and 
pre-exponential factor (ν), are influenced by molecular interactions and are, therefore, functions of the 
coverage, θ. Therefore, to evaluate the molecular interactions in an ice film on a surface by means of 
TDS, it is essential to quantitatively measure the coverage-dependent desorption kinetic parameters. 
However, the typical analytical methods (Redhead [3], threshold [4], and inversion analysis [5]) used in 
thermal desorption spectroscopy (TDS) do not satisfactorily quantify the coverage dependence of Ed 
and ν for ice films.  

In this study, we employ King’s “complete analysis” method [6], which allows the complete 
determination of coverage-dependent Ed and ν, to obtain fully coverage-dependent Ed and ν ranging 
from sub-monolayer to 2 ML ice. We use the crystalline two-layer (2L) thin alumina film epitaxially 
grown on NiAl (110) [7] as a substrate for ice growth. The choice of alumina as a substrate is based on 
its wide range of applications in various fields, from heat exchange plates to catalyst supports, and the 
well-defined surface structure of 2L-alumina thin film makes it an ideal substrate for our investigation. 
We found that the desorption activation energy (Ed) decreases with increasing coverage in the sub-ML 
region, indicating a non-attractive interaction between water molecules in the first layer on the surface, 
which is different from typical hydrogen bonding and is likely due to a perturbation presented by the 
alumina substrate. In addition, we found that the pre-exponential factor (ν) in the second layer of ice is 
one order of magnitude larger than that in the first layer, highlighting the critical role of entropic effects 
in the desorption kinetics of water molecules from ice films.  
  
[1] For example: M. A. Henderson, Surf. Sci. Rep. 46, 1 (2002), A. Hodgson and S. Haq, Surf. Sci. Rep. 64, 381 (2009).  
[2] J. Carrasco et al., J. Chem. Phys. 130, 184707 (2009). 
[3] P. A. Redhead, Vacuum 12, 203 (1962).  
[4] E. Habenschaden and J. Küppers, Surf. Sci. Lett. 138, L147 (1984).  
[5] S. L. Tait et al., J. Chem. Phys. 122, 164707 (2005).  
[6] D. A. King, Surf. Sci. 47, 384 (1975).  
[7] R. M. Jaeger et al., Surf. Sci. 259, 235 (1991), G. Kresse et al., Science 308, 1440 (2005).  
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We report the formation of spherical nanoparticles on polystyrene surfaces by atomic force microscopy 
tips repeatedly scratched along a series of parallel lines [1]. The particles nucleate from the crests of 
the wrinkles formed in the early stages of the scratch process. As proven in accompanying studies with 
different scan patterns, including square, circular, rhombic, and heart-shaped areas [2], the wrinkles 
are well-reproduced by applying the Prandtl model originally developed for atomic-scale friction to a 
variable energy landscape built up by the tip elastically driven on the compliant surface and periodically 
indenting it viscoplastically [2-4]. As the scan is repeated, the nanoparticles are detached and 
progressively displaced across the wrinkles till the edge of the scanned areas, where they pile up 
without coalescing. The detachment is smooth, and the absence of static friction peaks suggests that 
the particles are torn off by means of a crazing mechanism caused by the tip pushed against the wrinkle 
crests. Considering the negative environmental and health impact of these phenomena, our results 
may trigger new quantitative characterization methods of plowing wear on different polymeric 
materials of technological relevance at single particle level. 

 

 

[1] J. Hennig, A. Litschko, J. J. Mazo, and E. Gnecco, Appl. Surf. Sci. Adv. 6, 100148 (2021) 

[2] J. Hennig, V. Feller, P. J. Martinez, J. J. Mazo, and E. Gnecco, Appl. Surf. Sci. 594, 153467 (2022) 

[3] J. J. Mazo, P. J. Martinez, P. Pedraz, J. Hennig, and E. Gnecco, Phys. Rev. Lett. 122, 256101 (2019) 
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Very little is known about the surface tension of pure liquids in contact with their pure gaseous phases, 
i.e. without the presence of other gases or contaminants. This is surprising given that contaminants 
and gas phase species are known to greatly affect surface tensions values[1]. For example, much 
controversy remains around the nature of the Jones-Ray effect[2,3,4], the anomalous behaviour of salt 
solution surface tensions and whether this phenomenon is due to contaminants or an as yet unknown 
fundamental property of water. 

Recently we have developed a method to dose liquid water onto pristine surfaces in UHV using a small 
cryostat[5]. We combine this method with pendant drop tensiometry[6] to measure the surface 
tension of pure-water drops in contact with their pure gaseous phase, removing completely the effect 
of other gases and contaminants. In the design, the pure-water is condensed onto a small cryostat 
placed in a vacuum chamber. A pendant drop is formed and carefully photographed allowing the 
surface tension of the pure-water to be directly determined.  

For these types of measurements accurate knowledge and control of the temperature, pressure and 
the optics of system is of paramount importance and defines the error of the measurement. How these 
parameters are precisely controlled in the instrument design will be discussed along with initial 
measurements of pure-water. 
 
[1] Yuki Uematsu, et. al., Current Opinion in Electrochemistry, volume 13, (2019) 
[2] Jones G, Ray WA, J Am Chem Soc, 63:3262–3263, (1941) 
[3] Okur HI, Chen Y, Wilkins DM, Roke S, Chem Phys Lett, 684:433–442, (2017) 
[4] Duignan T, Baer M, Mundy C, Cambridge Open Engage, (2018) 
[5] Jan Balajka, et. al., Science, 361, (2018)  
[6] Berry, J. D. et. al., J. Coll. Interface Sci. 454, (2015) 
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The U.S. Office of Naval Research (ONR) provides opportunities for funding to support innovative basic 
research at non-U.S. universities and institutions through its Global office (ONR Global). Areas of 
interest cover a wide range of foundational science, with the aim of furthering the body of knowledge 
in the field by encouraging and facilitating open-literature publication. The research topics should be 
innovative, and may be high risk with high potential payoff. 

 

This talk will provide an overview of ONR Global, their opportunities for support, instructions for 
applying, and a list of topics of interest. The intent is to advance the science, fill gaps in knowledge, 
transfer the knowledge, and facilitate the development of early-career scientists. Opportunities for 
support include research grants, visiting scientist exchanges, conferences/workshops, and Global-X, an 
annual accelerated research challenge in specific topics. 
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Interstellar space is home to surprisingly complex chemistry. In spite of the very low temperatures and 
pressures more than 200 different molecules have so far been detected. Catalytic reactions on dust 
grain surfaces are expected to play a dominant role in interstellar chemistry. However, the degree of 
chemical complexity attainable via such reactions is still under exploration. Specifically, we aim to 
answer the question of whether the molecular building blocks of life – amino acids, DNA bases, sugars 
and fatty acids – can form in interstellar space, before the formation of stars and planets [1].  
Heterogenous catalytic reactions are highly dependent on the specifics of the catalytic surface. The 
elemental composition, defects, nano-structure, porosity, ice coatings and thick icy layers all impact 
heavily on reactivity.  Scanning tunneling microscopy (STM) allows us to image surface structures and 
adsorbate molecules at the atomic level. Such measurements allow us to detect reaction products with 
single molecule detection sensitivity and to study the structure of low temperature icy clusters forming 
on surfaces of interstellar relevance. Here I present results on water ice cluster formation at 
temperatures down to 12 K and on imaging reaction products from PAH hydrogenation reactions [2-3].  

    

 
Fig. 1. Scanning Tunneling Microscopy image of superhydrogenated Coronene on HOPG. 

 
[1] S. Ioppolo et al., Nature Astronomy 5, 197 (2021) 
[2] R. Jaganathan et al., Astronomy & Astrophysics 663, A136 (2022) 
[3] M. Leccese et al., Monthly Notices of the Royal Astronomical Society 519, 5567 (2023) 
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The formation of Solar-like planetary systems is a complex process where not only physical changes 

occur but also increasing molecular complexity is observed. This gives rise to a rich chemical diversity 

and complexity of gas-phase molecular species in different astrophysical environments.[1] However, 

chemistry in the gas-phase at such low densities and temperatures is difficult, and not all the molecules 

observed can be formed at this state. The presence of interstellar grains (i.e., submicron-sized solid-

state particles ubiquitously present in space) is especially important for the synthesis of molecules that 

cannot form in the gas phase in the abundance required to satisfy observations. Interstellar grains are 

advocated to infer catalytic effects. However, such a “catalytic role” is associated with enhancement of 

the encounter rate of the reactive species on the grain surface due to adsorption and diffusion, and 

the capability of the grains to dissipate the energy excess of largely exothermic reactions. It is not 

associated with the provision of lower activation energy pathways with naturally enhanced reaction 

rates.[2] Nevertheless, different materials that can exhibit true catalytic properties are present in 

interstellar environments. Refractory grains containing space-abundant transition metals (such as Fe 

and Ni) are the perfect candidates to perform as heterogeneous catalysts.[3]  

In this present work, we report mechanistic insights on the catalytic formation of short chain alcohols 

(e.g., methanol and ethanol), aldehydes (e.g., formaldehyde and acetaldehyde) and short chain 

hydrocarbons (e.g., methane and ethylene) in interstellar conditions through the Fischer-Tropsch 

process. The reaction proposed here is catalysed by single-atom Fe containing silica surfaces (SiO2). 

Beyond mechanistic descriptions, kinetic data are also provided to corroborate the feasibility of this 

process under corresponding interstellar temperature conditions. The evidence of astrocatalysis opens 

a completely new spectrum of synthetic routes which are starting points for triggering chemical 

evolution in space. 

 

 
 
[1] E. Herbst et al. Int. Rev. Phys. Chem. 36, 287–331, (2017). 
[2] J. A. Nuth III et al. Meteorites Early Sol. Syst. II. 147, 147–167, (2006).  
[3] W. F.Bottke et al. Nature, 485, 78–81, (2006). 
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Hydrogenated molecules like H2 and H2O exist in several nuclear spin configurations due to the Pauli 
exclusion principle. These configurations are called ortho (parallel proton spins) and para (antiparallel 
proton spins). The ortho and para populations have been regularly determined by observations in 
different regions of space in far-UV absorption (Copernicus, FUSE) and in IR and submm emission (ISO, 
Spitzer, Herschel). The ortho/para ratio (OPR) depends on physico-chemical processes in these 
environments, such as chemical formation, reactive collisions, adsorption and desorption effects of 
molecules on ice grains, and could be a tracer of molecular history. In order to interpret astronomical 
observations [1], it is important to compare them with the results of the more comprehensive 
astrochemical model [1-3]. H2 is the most abundant molecule in the interstellar medium and is known 
to be the main reactant involved in the reaction chain to form hydrogenated molecules, so the 
ortho/para ratio of H2 plays a role in the chemical evolution of molecules like water [1-3]. The 
ortho/para ratio of H2 in the gas phase could be affected by the desorption processes of interstellar 
grains in cold regions [2].   

It is therefore necessary to know the characteristic time of equilibration of the nuclear spin states of H2 
on solid water at low temperatures, and the relative abundances of the nuclear spin states during 
desorption [2]. Measurements reported in the literature on the characteristic time of H2 nuclear spin 
conversion on amorphous solid water (ASW) around 10 K have shown wide discrepancies - ranging from 
a few minutes to tens of minutes [4,5]. To answer these questions, we developed a new laboratory 
experiment (COSPINU2) in an ultra-high vacuum chamber to perform in situ measurements using 
Fourier Transform InfraRed (FTIR) spectroscopy. We found that ortho-H2 species completely transform 
into para-H2 species after a few days. The temporal evolution follows a simple exponential decay with 
typical long characteristic times between 250 and 1200 minutes compatible with previous observations 
made with an alternative method[6].  

In this talk, we will present the different methods used to address the question of ortho-topara 
conversion of H2 on ASW, the various measurements reported in the literature and their implications 
for the chemical evolution of the interstellar medium, particularly in the PhotonDominated Region 
(PDR) known as the Orion Bar.  

[1] T. Putaud et al, Astronomy & Astrophysics 632, A8 (2019)  
[2] E. Bron et al, Astronomy & Astrophysics 588, A27 (2016)  
[3] P. Hily-Blant et al, MNRAS 477, 4454–4472 (2018)  
[4] T. Sugimoto and K. Fukutani, Nature Physics 7, 307 (2011)  
[5] H. Ueta et al, Physical Review Letters 116, 253201 (2016)  
[6] M. Chehrouri et al, Physical Chemistry Chemical Physics 13, 2172 (2011)  
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Chemistry in the interstellar medium (ISM) takes place both in the gas phase and on the surface of 
interstellar dust grains, where films of physisorbed molecules build up. These ices undergo processing 
by photons, cosmic rays, and by the large number of secondary electrons produced through their 
interaction with the ice. This chemistry feeds the medium with new molecular species. Desorption is 
the key step in this interplay between gas phase, solid phase and radiation, and is central in the 
interpretation of the most recent observational data obtained by the latest generation of telescopes 
(ALMA, NOEMA, JWST). Desorption can be induced thermally (by heating) or non-thermally (by 
radiation, including the promoted chemical processes.) 
In order to quantify the non-thermal desorption from cryogenic molecular films and to gain insights 
into the processes at play, we have conducted comparative measurements of photo- and electron-
induced desorption (PSD and ESD). Two setups were used for these experiments, the SPICES setup of 
the LERMA group, and the E/SOLID setup at ISMO. In both setups, model molecular ices of methanol 
(CH3OH) [1,2] and ammonia (NH3) [3,4] were vapour deposited onto gold and the desorption of neutral 
species was measured by mass spectrometry. Thermal desorption analysis (TPD) was used to calibrate 
the mass spectrometer signal, determine the ice thickness and morphology, and chemically analyse 
the processed layers. The SPICES setup was coupled to two SOLEIL synchrotron beamlines: (i) DESIRS 
in the valence-shell range (6-12 eV) and (ii) SEXTANTS in the core-shell range (O and N-K edges). The 
electron irradiation twin experiments were performed using the E/SOLID setup, in the low-energy 
range (typical for secondary electrons < 20 eV) and at several hundreds of eV in order to mimic the 
secondary Auger electrons. Desorption yields per incident/absorbed particle are compared for photon 
and electron irradiation either as a function of the incident energy in the low-dose regime 
(spectroscopic study), or as a function of the cumulated dose at a fixed irradiation energy (kinetic 
study). 

   
References: 
[1] D. Torres-Díaz et al., ChemPhysChem, 9, e202200912(1-7) (2023)  
[2] R. Balsagete et al., A&A 647, A35 (2021) 
[3] L.A. Sala, PhD Thesis, Univ. Paris-Sud, 2018 https://theses.hal.science/tel-02073621 
[4] R. Dupuy, PhD Thesis, Sorbonne Univ., 2019, https://tel.archives-ouvertes.fr/tel-02354689v2 
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Interstellar dust grains play an important role in the evolution of the interstellar medium (ISM), 
including acting as catalytic surfaces for chemical reactions that are inefficient in the gas phase [1]. As 
such, an understanding of dust grain chemistry at the atomic level is essential in the goal of elucidating 
the gas-grain interactions of the ISM.  

Here we report on scanning tunneling microscopy (STM) and X-ray photoelectron spectroscopy (XPS) 
measurements on interstellar silicate dust grain model surfaces. In astrochemistry, several STM studies 
have already been conducted on dust grain chemistry, utilising highly oriented pyrolytic graphite 
(HOPG) or polycyclic aromatic hydrocarbons as model systems for carbonaceous dust grains [2-4]. 
However, experimental atomistic studies into chemical reactions on silicate surfaces, another prime 
component of the interstellar dust population, are highly limited by the insulating nature of silica and 
silicates.  
In recent years, the growth of well-defined two-dimensional silica films have been reported on various 
metal substrates [5]. While these films are compatible with experimental surface science techniques, 
the underlying metal substrates are broadly catalytically active, making them a possible complication 
when conducting chemical studies within astrochemistry.  

We demonstrate the growth of silicon dioxide and silicate films on HOPG from their atomic constituents 
and characterise these using STM and XPS. The resulting films have future applications as substrates 
for studies of interstellar catalytic reactions.   
 
[1] Hollenbach, D. and Salpeter, E.E., ApJ, 163, 155 (1971)  
[2] Hornekær, L., et al., Phys. Rev. Lett., 97, 186102 (2006) 
[3] Thrower, J., et al., J. Phys. Chem. C, 117, 13520 (2013) 
[4] Pantazidis, G., et al., Proc. Int. Astron. Union., 15, 458 (2019) 
[5] Zhong, JQ. and Freund, HJ, Chem. Rev., 122, 11172 (2022) 
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Polycyclic aromatic hydrocarbons (PAHs) are interstellar molecules ubiquitous in the Universe that lock 
up ~15% of the C in space. If this C can be made available, it may play a role in the formation of complex 
organic molecules (COMs) [1]. While COM formations start with the activation of CO through 
hydrogenation reactions, the break-down reaction of PAHs may provide an alternative route for COM 
formations in space [1]. Atomic O has an abundance of ~10-4 with respect to atomic H and 35% of O 
abundance is missing in cold regions of interstellar medium (ISM) with respect to the total O abundance 
in the ISM [2]. If atomic O binds with PAHs, it might contribute to form COMs and, thus, this might explain 
the lack of O abundance. PAHs are known to react with atomic H becoming super hydrogenated [3]. 
However, studies on the reaction of PAHs with atomic O are currently missing.  
 
Here, using density functional theory (DFT), I predicted the formation of possible intermediates of the 
reaction of atomic O with naphthalene (Fig. 1). DFT calculations predict O attachment sequence equal 
to the first hydrogenation of naphthalene [4]. The energy barrier for the first O attachment is 0.13 eV, 
which is lower than the first H attachment in PAHs such as coronene (0.19 eV) and pyrene (0.22 eV) [5,6]. 
Once atomic O reacts with the first C atom of naphthalene, intersystem crossing (ISC) occurs from the 
triplet to the singlet spin state. In the singlet state, the O will bridge two adjacent carbon atoms of the 
naphthalene. The resulting O bridge catalyzes the barrier-less break-down reaction of the C-C bond that 
the O is bridging, forming a seven-membered heterocyclic ring. A second O radical will bind onto the 
adjacent carbon atom bound with the first O atom, which barrier-less breaks the CO bond catalyzing the 
opening of the aromatic ring. The second oxygenation causes the loss of the PAH structure, which is the 
first step to understand the formation of PAH’s daughters that contribute to form COMs in star-forming 
regions. COMs are important reagents for the formation of building blocks of life [1]. The results of this 
work might also explain the lack of 35% of O observed in the ISM [2].  
 
The author acknowledges the Alexander von Humboldt Foundation for funding, Baden-Wurttemberg 
through the bwHPC consortium for computational time, J. Kästner and P. Caselli for support.   

Fig. 1. Super-Oxygenation (in red) of naphthalene leading to opening the aromatic ring.  
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Defects in 2D Materials & Single Atoms on Oxide Surfaces: 
possible catalysts for a sustainable future 

Talat S. Rahman, Duy Le 

Department of Physics, University of Central Florida, Orlando, FL 32816, USA 

talat.rahman@ucf.edu 

In the pursuit of a sustainable future, the last decade has seen a concerted effort in accelerating the 
discovery of materials for energy needs, thanks to the Materials Genome Initiative which has facilitated 
close collaboration between experiment, theory, modeling, and simulation. In this talk I will focus on a 
few low-dimensional materials which provide opportunities for tailoring their chemical properties for 
potential application as catalysts for technologically relevant processes such as CO and CO2 
hydrogenation and NH3 oxidation. I will show how defects and dopants in single-layer MoS2 convert it 
into a cheap catalyst for CO hydrogenation[1]. Even more interesting is the case of another 2D material, 
hexagonal boron nitride (h-BN), a well-known insulator. Defects can transform h-BN to a metal-free 
catalyst that captures and converts CO2 to value added products such as methanol[2]. Further 
opportunities for tuning of the local environment are provided by singly dispersed Pt or Pd atoms on 
ceria, with or without the help of ligands. I will show how depending on the local environment Pt atoms 
on ceria serve as excellent catalysts for either CO or for NH3 oxidation[3]. Ligands can also play an 
important role in controlling reaction thermodynamics and kinetics, as shown for singly dispersed Pd 
atoms on ceria[4]. With a focus on electronic structural modulations of the local environment, I will 
draw comparisons with experimental observations made in collaborative research, and point to some 
factors that could serve as descriptors of the active site. 
 
[1] D. Le, T. B. Rawal, and T. S. Rahman, J. Phys. Chem. C 118, 5346 (2014); T.B. Rawal, et al., J. Chem. Phys. 154, 174701 (2021). 
[2] K. Chagoya, et al., ACS Sustainable Chem. Eng. 9, 2447 (2021); T. Jiang, et al., Phys. Chem. Chem. Phys. 23, 7988 (2021). 
[3] W. Tan, et al., Nat Communications 13, 7070 (2022) 
[4] E. Wasim, et al., J. Catalysis 413, 81 (2022) 
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Reversible switching of the 2D electron gas of SrTiO 3(001)
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H. Herrmann1, Florian Schumann1, Wolf Widdra1
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The formation of  a 2D electron gas (2DEG) at  interfaces gained high interest  in applied material
sciences as it provided highly conductive layers for future applications. As it became accessible under
oxygen-poor conditions at the TiO2-terminated SrTiO3(001) surface [1], it also opened the field for
surface science techniques.
In  this  work,  we follow the 2DEG formation by studying  the change in  surface coordination and
dielectric properties by X-ray photoelectron spectroscopy (XPS) in combination with high-resolution
electron energy loss spectroscopy (HREELS). With the latter the three distinct dipole active modes of
SrTiO3  could  be identified as  surface phonon polaritons  (SPP).  The coupling  of  these SPP to  the
electronic excitation of the 2DEG lead to an asymmetric line shape with extreme broadening as seen
in Fig.1. By studying this broadening, we have been able to gain valuable insights into the electron-
phonon coupling and the charge carrier density of the 2DEG. This allowed us to track the reversible
formation of the 2DEG by manipulating the environment through heating in UHV/O 2 atmosphere or
adsorbing molecular oxygen at 100 K. The dielectric response will be discussed quantitatively in terms
of an extended Drude model in the surface layer on top of a bulk-like SrTiO3 substrate. Our analysis
reveals a strong frequency-dependent relaxation rate of the 2DEG electronic excitations responsible
for the electron-phonon coupling. This discovery opens up a new way of studying the intriguing 2DEG
transport phenomena. 

Fig. 1. Vibrational spectra (HREELS) of bulk-like terminated SrTiO3 (black line)  and SrTiO3(001) in the presence of
a 2DEG (red line). The three fundamental dipole-active modes are marked, which broaden asymmetrically by

electron-phonon coupling to the 2DEG.
  

[1] A. F. Santander-Syro, O. Copie, A. Barthélémy, and M. J. Rozenberg, Nature 469, 189 (2011).
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The search for innovative materials alternative to noble metals in H2 based devices has increased the 
interest towards metal oxides systems with high reducibility and high versatility. One of these intriguing 
materials is CeO2, that has demonstrated a strong ability in forming and transporting oxygen vacancies 
[1]. When low-valence metal cations are substituted to some Ce, the H2 dissociation barrier is strongly 
reduced [2]. Nevertheless, this effect strongly depends on the dopant oxidation state and on charge 
redistributions that increase the ability to exchange oxygen and electrons with the environment. 
Previous results report that Cu inclusion improves ceria reducibility and activity towards H2 dissociation 
[3]. It is thus important to clarify the electronic modifications at the atomic level in the ceria matrix and 
in the dopant to understand the role of the metal atom in the catalytic reaction.  

In this work we have investigated the modifications of the Ce and Cu oxidation states during H2 
exposure at ambient pressure (1 bar) by means of near edge x-ray absorption fine structure (NEXAFS). 
Films of 5 nm CeO2 doped with a variable amount of Cu have been grown by thermal evaporation and 
transferred to ELETTRA where the Ce M4,5 and Cu L2,3 edges have been acquired in an ambient pressure 
reaction cell, in flow of H2/He at increasing temperature between RT and 620 K [4]. We have observed 
a progressive reduction of Ce4+ to Ce3+, the presence of Cu in the 1+ state and an increasing reduction 
of Cu2+ to Cu1+ up to 500K (Fig.1). The presence of Cu1+ during the whole process supports the strong 
activity in H2 dissociation. Besides, the system is fully reversible to the initial state both for Ce and Cu 
when the dopant concentration is around 5 at%. 

 

Fig. 1. NEXAFS (a) Ce M5 and (b) Cu L3; (c) Ce3+ and (d) Cu components as a function of temperature in H2 flow.  

 
[1] W. McFarland et al., Chem. Rev. 113, 4391 (2013)  
[2] S. Benedetti et al., ACS Appl. Mater. Interfaces 12, 27682 (2020) 
[3] A. Vikatakavi et al., J. Phys. Chem. C 126, 18652 (2022) 
[4] C. Castan-Guerrero et al., Rev. Sci. Instrum. 89, 054101 (2018). 
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Cu-based catalysts show promising activity towards CO2 reduction, in heterogeneous as well as 
electrocatalytic reaction pathways, despite the thermodynamic stability and chemical inertness of the 
CO2 molecule. Understanding the chemical composition of the catalyst surface in situ is essential to 
improving catalyst design and making reaction conditions more efficient. Crystalline Cu-surfaces are 
frequently used as model catalysts for fundamental studies on this reaction. At pressures > 0.01 mbar, 
they have been found to catalyze the dissociation of the CO2 molecule - the first and most important 
step towards its catalytic conversion into, e.g. methanol. Atomic sites with lower coordination, such as 
steps (7-fold) and kinks (6-fold), may increase catalytic activity but the role of these active sites has not 
been studied comprehensively. In the work presented here, we employ a curved model catalyst with 
variable surface structure to study CO2 adsorption and dissociation at near-ambient pressure. Using 
XPS to probe reactant and product species, we follow the reaction on the highly symmetric (111) 
surface, as well as increasingly corrugated surfaces. We observe how the coverage of competing 
surface species evolves over time, as CO2 adsorbs into physisorbed and chemisorbed states and 
eventually dissociates into CO gas and atomically adsorbed O, forming distinct surface oxides. Finally, 
we discuss how the observed differences can be linked to specific surface sites (terraces, steps, kinks) 
and how the prevailing experimental conditions (pressure, temperature, molecular excitation) impact 
particular reaction pathways. 
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Cation mixing is a well-recognized mean to obtain oxides of desired functionality with predetermined 
structure and stoichiometry, which yet has been only little analyzed at the nanoscale. Recently, with 
the help of DFT modelling, we have shown that the low dimensionality of the oxide film and its 
interaction with a substrate may induce cation mixing characteristics and charge states, which differ 
from those present in the corresponding bulk oxides [1,2].  
 
In this context, we have performed a comparative analysis of the stability and mixing properties of 

Opoor and O-rich two-dimensional V-Fe oxide layers grown on Pt(111) and Ru(0001) surfaces, based 

on high resolution STM imaging and DFT modelling, with the aim of gaining an insight into the role of 

substrate and oxygen conditions on the accessible Fe contents and distributions [3-5]. We find that due 

to the high oxygen affinity of the Ru substrate, the mixed O-rich layers are highly stable while the 

stability of O-poor layers is limited to inaccessibly oxygen-poor environments. In contrast, on the Pt 

surface, O-poor and O-rich layers may coexist with, however, a lower Fe content in the O-rich phase.   

 

We show that cationic mixing (formation of mixed V-Fe pairs) is favored in all considered systems. It 

results from local cation-cation interactions, reinforced by a site effect in O-rich layers on the Ru 

substrate. However, in O-rich layers on Pt, Fe-Fe repulsion is so large that it precludes the possibility of 

a substantial Fe content. These findings highlight the subtle interplay between structural effects, 

oxygen conditions, and substrate characteristics (work function and affinity towards oxygen), which 

governs the cationic mixing in complex 2D oxide phases on metallic substrates. Such versatility opens 

a way toward a thorough fundamental understanding of the principles that underlie oxide alloying in 

2D and its possible use in various applications.  

  
[1] H.L.T. Le, J. Goniakowski, C. Noguera, Phys. Rev. Matter. 2, 085001 (2018).  

[2] J. Goniakowski, C. Noguera, J. Phys. Chem. C 124, 8186-8197 (2020).  

[3] P.I. Wemhoff, N. Nilius, C. Noguera, J. Goniakowski, J. Phys. Chem. C 126, 5070-5078 (2022).  
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Bimetallic catalysts often show a higher activity than their single-metallic counterparts, but the origin 
of this promoting effect is often not known. The main aim with the here presented study was to 
commission the, at that point, new beamline P21.2 at PETRA III at DESY in Hamburg, Germany. For this 
we choose to study CO oxidation over PtRh(100), a system that we expected that we knew quite well, 
but still offered a possibility to learn new things, especially about the promoting effect of the alloy. 

From previous studies [2], we expected that the PtRh(100) surface would behave very similarly to 
Rh(100) surface, with the formation of a (3x1) structure with chemisorbed oxygen, under mildly 
oxidizing conditions, and a c(8x2) trilayer (O-Rh-O) surface oxide, under more oxidizing conditions. 
Indeed, we found these structures, but a quantitative analysis reveals that the data of the c(8x2) cannot 
be properly reproduced by the trilayer oxide alone (see Figure 1). Instead, the data indicate that the 
sample exposes a mixture of oxides of different thicknesses, probably formed as a result of varying gas 
mixtures over the surface. 

In addition, we found a c(2x2) structure that we first interpreted as an adsorption induced ordered 
surface alloy. Again, a quantitative analysis, however, did not agree with this. Instead the c(2x2) 
structure seems to extend a few layers into the substrate. 

We are currently working on the final details in the analysis and hope to be able to present a conclusive 
interpretation of the data at the conference. 

 

 

 

Fig. 1. SXRD of the c(8x2) surface oxide on PtRh(100) during CO oxidation. The in-plane map to the left clearly 
reveals the close to hexagonal oxide lattice on top of the square substrate. The plots to the right shows measured 
CTRs and superstructure rods together with a simulation corresponding to the expected trilayer O-Rh-O surface 
oxide. Obviously the agreement is not satisfying, especially for the (7/8,0) rod at the bottom (marked as (14,0) 
due to the larger unit cell used in the simulations. 
 
[1] R. Westerström et al, J. Phys.: Condens. Matter 20, 184018 (2008) 
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Metal nanoparticles (NPs) are widely investigated due to their interesting properties, different from 
the corresponding bulk materials. For example, sub-nanometer gold clusters have an exceptional 
catalytic activity, especially enhanced for individual gold atoms [1]. In model studies, an important role 
is played by well-defined homogeneous NPs assemblies that are precisely controllable with respect to 
their size and density. This can be achieved using a substrate, which promotes self-assembled growth 
of metal NPs. The present contribution shows how this goal was accomplished using a magnetite 
Fe3O4(111) surface with so called "biphase" termination [2]. Biphase termination, in contrast to regular 
termination of the Fe3O4(111) surface, is inactive for CO adsorption [3]. 

Fe3O4(111) films with the biphase termination (Fig 1a) were grown on a Pt(111) single crystal according 
to the recipe described in Ref. [4]. The surface structures were confirmed by Low Energy Electron 
Diffraction (LEED) and Scanning Tunnelling Microscopy (STM). Room temperature deposition of 
submonolayer Au coverage resulted in preferential nucleation at specific sites of the biphase, resulting 
in formation of a hexagonal cluster network. As an example, results of deposition of 0.04 ML and 0.2 
ML of Au are presented in Fig. 1b and 1c, respectively. For a given coverage gold forms NPs with a 
narrow size distribution.  Au NPs are stable up to 500 K. Finally, their performance in CO adsorption, 
studied by temperature programmed desorption, was analyzed.  

 

Fig. 1. STM images of the Fe3O4 epitaxial films on Pt(111) for a) a uniform biphase superstructure; b), c) Au NPs 
created by RT deposition of Au on the biphase superstructure for 0.04 ML and 0.2 ML, respectively.  

 
[1] M.S. Chen, D.W. Goodman, Nature, 306, 252 (2004)  
[2] N.G. Condon et al., Physical Review B, 55, 15885 (1997)  
[3] J. Wojas et al.,  Appl. Surf. Sci., 507, 145069 (2020)  
[4] N. Spiridis et al., J. Phys. Chem. C., 123, 4204 (2019)  
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Two-dimensional transition metal oxides (TMOs) supported on metal substrates form an exciting class 
of materials with potential applications in catalysis, electronics, and energy storage [1]. Due to the 
strong epitaxial interaction between metal substrates and TMO films, many of the observed lattices are 
unique and only exist in two dimensions. A subset of TMOs crystalize into a honeycomb (2 × 2) 
monolayer; for example V2O3 on Pd(111) [2] and Ti2O3/Nb2O3 on Au(111) [3,4].  
  
We report the experimental characterisation and theoretical analysis of epitaxial (2 × 2) honeycomb 
Nb2O3 and Ti2O3 monolayers on an Au(111) substrate. The oxide monolayers are grown by Nb/Ti 
deposition and subsequent annealing in an oxidizing atmosphere. Scanning tunnelling microscopy 
(STM) images show that the films form a well-ordered honeycomb laFce, and low energy electron 
diffraction paVerns confirm that the films adopt a (2 × 2) periodicity with respect to the Au(111) 
substrate. Density functional theory (DFT) modelling shows that the Nb/Ti atoms are located in Au(111) 
threefold hollow sites and the O atoms are located in on-top positions. DFT also demonstrates the 
existence of a strong interfacial interaction characterized by a large electron transfer towards the Au 
substrate, an increase of the Nb/Ti oxidation state, and substantial film rumpling.   
  

In the perfect Nb2O3 laFce, the Nb atoms are 3-fold coordinated with respect to O, however, at defect 
sites the Nb can become 4-fold coordinated. This 4-fold coordination is not observed in similar Ti2O3 
monolayers on Au(111) due to the smaller number of valence electrons. Four-fold coordinated niobium 
atoms are stable in a host of different configurations such as multiple vacancy structures, line defects, 
domain boundaries, and edge reconstructions. Recent calculations have demonstrated that an 
important contribution to the stability and effective formation of ternary TMOs on metal supports is 
the ability of the cations to adopt different oxidation states [5]. The on-surface redox capability of 
niobium, as evidenced by these four-fold coordinated motifs seems to be a decisive characteristic for 
their incorporation in more complex ternary structures.   
  
[1] “Oxide Materials at the Two-Dimensional Limit” by Netzer and Fortunelli (Eds.).  
[2] Surnev et al., Phys. Rev. B, 61, 13945 (2000)  
[3] Wu et al., J. Phys. Chem. C, 115, 8643 (2011)  
[4] Wang et al., Phys. Rev. B, 100, 125408 (2019)  
[5] Goniakowski et al., J. Phys. Chem. C, 124, 8186 (2020)  
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Two-dimensional oxide quasicrystals are found in Ba- or Sr- decorated Ti2O3 monolayers supported on 
Pt(111) substrates [1,2,3]. In these systems, the alkaline earth metal ions form the vertex positions of 
a dodecagonal triangle-square-rhombus tiling. In this contribution, we report on structure formation 
in two-dimensional Ba-Ti-O on Pd(111), which possesses a 1% reduced lattice parameter in comparison 
to Pt(111). We find a series of quasicrystal approximants with varying Ba density. At a stoichiometry of 
Ba0.67Ti2O3 we observe a triangle-square tiling, the σ-phase approximant. Higher Ba densities result in 
patches of this triangle-square tiling with one-dimensional antiphase domain boundaries in between. 
This way rhombuses are introduced to the tiling. The frequency of the antiphase domain boundaries is 
adapted to the surplus of Ba [4]. At the nominal composition of the oxide quasicrystal of Ba0.73Ti2O3.10 
such antiphase domain boundaries are incorporated in two orthogonal directions, introducing periodic 
unit cells with a triangle-square-rhombus tiling [5]. The unit cell of the resulting structure is 
orthorhombic with dimensions of (2.6x6.4)nm² inclining an angle of 92.5°. By applying the tiling 
decoration scheme of oxide quasicrystals to this structure [2,6], the complex TinOn ring structure with 
its different ring sizes of n=4,7,10 hosting the Ba atoms can be unraveled as shown in Figure 1. It turns 
out that this orthorhombic phase forms at 73% coverage of all TinOn rings with Ba and it contains 40 
Ba, 110 Ti and 170 oxygen atoms. The complex diffraction pattern of this phase will be discussed in the 
light of its subtle differences to the diffraction of a dodecagonal structure.  

  

Fig. 1. Phase diagram of monolayer BaxTi2O3 on Pd(111) depending on their Ba density (top axis) and relative 
TinOn ring occupation (bottom axis) [5].  

 
[1] Förster, S. et al., Nature, 502, 215 (2013) 
[2] Schenk, S. et al., Nature Communication, 13, 7542 (2022) 
[3] Schenk, S. et al., J. Phys.: Condens. Matter, 29, 134002 (2017) 
[4] Wührl, F. E. et al., Physica Status Solidi B, 257, 1900620 (2020)  
[5] Wührl, F. E. et al., Physical Review B, 107, 195414 (2023) 
[6] Cockayne, E. et al., Physical Review B, 93, 020101(R) (2016)  
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Understanding the chemical reactivity of 2D materials such as graphene and hexagonal-boron nitride 
(h-BN) is of fundamental importance for obtaining tunable materials for devices and electronic 
applications, as well as for fundamental science to obtain general concepts for the chemistry on such 
materials. The talk will consider two main points. 

First, the interaction of graphene and h-BN with oxygen and atomic hydrogen will be discussed in 
details and the results for the two substrates will be compared. While in the case of atomic hydrogen, 
graphene forms graphone, i.e. fully hydrogenated graphene, for h-BN hydrogen can bond and 
intercalate, depending on the exposure. Interestingly, graphene does not react with molecular oxygen, 
even when supplied with a high kinetic energy of 0.7 eV, while h-BN readily forms bonds to oxygen, 
intercalates or even reacts, depending on the substrate temperature. Further insights to the bonding 
and reaction mechanisms of hydrogen and oxygen are obtained from DFT calculations. 

The second topic shows that the general knowledge gained can be used in the case of Moire patterend 
2D materials for spatially defined functionalization. In the case of h-BN on Rh(111), such 
functionalization is especially interesting since the pores and wires show different reactivity towards 
functionalization enabling spatially defined modification of h-BN. This is shown for the spatially defined 
surface chemistry of bromine on the 2D materials h-BN and graphene. In the case of the h BN/Rh(111) 
nanomesh, we observed exclusive pore adsorption for low coverages, confirming the desired template 
effect. For graphene, no such selectivity was found. Bromine on h-BN/Rh(111) revealed a high 
temperature stability (desorption at ⁓ 640 K), indicating covalent bonding, and a thermally induced 
on-surface reaction. Bromine on graphene/Rh(111), on the other hand, desorbed already at ⁓ 250 K, 
which suggests physisorption. In both cases, the adsorption was reversible upon heating. 
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The characterization of two-dimensional (2D) materials presents an experimental challenge due to 

their unique properties and nanoscale thickness. Traditional techniques, such as charged beam 

approaches and X-rays, typically penetrate into the bulk, limiting their surface sensitivity. However, 

atom scattering, as a purely surface-sensitive technique, holds significant potential for studying 2D 

materials. In atom scattering, atoms scatter off the valence electrons at the surface, with a classical 

turning point of ~3Å, precluding any penetration into the bulk[1]. Modern atom scattering is advancing 

in two primary direction: improved energy resolution and improved spatial resolution. 

Recently the Cambridge atom scattering facility has completed a major upgrade, leading to the 

immanent launch of the 2nd generation He-3 Spin Echo spectrometer with an order of magnitude 

increase in resolution relative to the 1st generation instrument. Spin-Echo enables measurements of 

dynamics on 2D materials[2] and characterization of surface excitations, enhancing our ability to probe 

the properties and behavior of 2D materials. 

In parallel, Scanning Helium Microscopy (SHeM)[3] has emerged as a powerful technique for studying 

microscopic samples, addressing a primary limitation of traditional atom scattering: the requirement 

for large single crystal samples. SHeM allows for detailed investigations on a smaller scale, facilitating 

the examination of 2D materials at the microscopic level. 

The first successful demonstration of Micro Atom diffraction using SHeM will be presented[4], both on 

a test sample of LiF and on exfoliated MoS2. These advancements in atom scattering and SHeM provide 

researchers with new tools to study the unique properties and surface dynamics of 2D materials, 

overcoming the experimental challenges associated with their characterisation. 

[1] B. Holst et al., PCCP, 13, 7653-7672 (2022), https://doi.org/10.1039/D0CP05833E  

[2] A. Tamtogl et al., Nature Communications, 1, 3120 (2021) https://doi.org/10.1038/s41467-021-23226-5  

[3] M Bergin et al., Scientific Reports, 1, 1-8 (2020) https://doi.org/10.1038/s41598-020-58704-1  

[4] [4] N. A. von Jeinsen et al., PRL, in review  
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Ni is a known catalyst for the Boudouard reaction (CO+CO → CO2 + C) which is favored by high pressure, 
escaping, so far, direct investigation under operando conditions. We thus devised and performed Near 
Ambient Pressures XPS experiments at Tempo beamline of Soleil Synchrotron. 

Our results show that graphene can be grown via a Boudouard reaction when exposing the bare Ni(111) 
to CO, but only in NAP conditions (PCO∼2 mbar). The temperature required is as low as 550 K [1], 
significantly less than the one required to grow by carbon segregation from the bulk  (670 K).  

It has recently been shown [2] that the space between graphene layer and the substrate may act as a 
nano-reactor cavity where the activation barrier for CO oxidation is effectively reduced.  

We demonstrated that CO can effectively intercalate under the graphene cover on G/Ni(111) and that 
the so-obtained high local CO coverage enables the formation of CO2 via Boudouard reaction. The 
reaction takes place already at 340 K [3], which is, again, lower than the temperature required for the 
reaction on bare Ni(111) 

Moreover, under such conditions a chemisorbed CO species forms above the graphene film, thus 
paving the use of supported graphene for catalysis. The equilibrium coverage obtained under NAP 
conditions of this species at room temperature is compatible with the adsorption energy estimated in 
Ultra High vacuum experiments after exposure of graphene on Ni(111) to CO at liquid nitrogen 
temperature [4].  

We also investigated the effect of the presence of vacancies obtained by low energy ion bombardment. 

We found that CO intercalates at a rate which is comparable to the one observed in absence of defects 
and reacts via the Boudouard reaction producing additional carbon atoms and CO2 [5]. 

We acknowledge support by MIUR (projects PRIN2017 no. 2017NYPHN8 and 2017KFMJ8E_003) and 
by Fondazione Compagnia di S. Paolo (project MC-nano). 
 
[1] R. Davì et al. Chem. Phys. Lett. 774, 138596 (2021) 
[2] Q. Fu and X. Bao, Chem. Soc. Rev. 46, 1847 (2017) 
[3] R. Davì et al, Appl. Surf. Sci. 599, 154065 (2022) 
[4] M. Smerieri et al, Chem Cat Chem 7, 2328 (2015) 
[5] R. Davì et al, Phys. Chem. Chem. Phys. 24, 28486 (2022) 
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In the last decade, the surface science community has focused much of its effort on understanding the 
surface property of 2D materials, in particular graphene. From the technological standpoint, 2D 
materials have been employed in sensors, optical and electronic devices, membranes, microfluidics, 
biomedical devices and even in catalysis and electrochemical applications. Although much of the 
attention around 2D materials is due to their electronic properties, the link between those and the 
chemical activity of their surfaces and defects is less clear. In our group, we have employed 
computational methods based on dispersion-corrected density functional theory (DFT) to explore, at 
the atomic level, the link between the electronic structure of graphene and boron nitride and the 
behaviour of molecules adsorbed on their surfaces. In collaboration with experimental groups, we 
investigate the ultrafast dynamics of ammonia and water on graphene and graphite [1-3]. More 
recently, we have investigated the reactive scattering of NH3, CH4 and butane on defective graphene 
and h-BN and suggested that the vacancies and edges of these 2D materials could be employed as 
active sites for dehydrogenation reactions [4,5]. Dispersion-corrected DFT seems to work remarkably 
well in describing the extremely flat potential energy surface of carbon surfaces [7]. We are currently 
exploring the interaction of small biomolecules with graphene and pursuing novel routes for integrating 
quantum effects in proton tunnelling over surfaces [8].  
 
[1] Tamtögl, Anton, Nature Communications, 12 (1), 3120 (2021). 
[2] Tamtögl, Anton et al., Carbon, 126, 13 (2017). 
[3] Sacchi, Marco and Tamtögl, Anton, Advances in Physics: X, 8 (1), 2134051 (2023). 
[4] Payne, Anthony J. R. et al., Physical Chemistry Chemical Physics, 24, 20426 (2022). 
[5] Brooks, Alastair et al., Journal of Colloid and Interface Science, 619, 377 (2022). 
[6] Calvo-Almazán, Irene et al., The Journal of Physical Chemistry Letters, 7 (24), 5285 (2016). 
[7] Slocombe, Louie, Sacchi, Marco and Al-Khalili, Jim, Communications Physics, 5 (1), 109 (2022). 
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Starting from recent findings about the growth of two-dimensional (2D) materials such as hexagonal 
boron nitride (h-BN) via chemical vapour deposition (CVD) I will discuss how helium atom scattering 
(HAS) can be used to determine surface properties of 2D materials. E.g., in the case of h-BN I will 
illustrate how intermediate structures during the growth of h-BN from borazine molecules can be 
observed [1]. As illustrated in the Figure, a gas-phase precursor is deposited on a solid substrate, 
diffuses, dehydrogenates and eventually attaches to a growing 2D cluster. The complex process involves 
several steps but has so far only briefly been discussed in the context of graphene formation. 
Furthermore, the lineshape broadening upon inelastic scattering from surfaces can be used to 
determine the characteristics of molecular diffusion. Using this technique‚ we have studied the 
diffusion of water on the surfaces of Dirac materials (graphene and the topological insulator Bi2Te3)[2-
4]. Thus‚ we can specify the mechanisms underlying the motion of water and‚ by comparison with first-
principle calculations‚ we identify aspects of its adsorption geometry‚ as well as the energy landscape 
for the motion. Together with ab-initio calculations we illustrate that despite a similar lattice structure 
of h-BN compared to graphene, the motion of water on h-BN exhibits a completely different behaviour 
[2]. In contrast to a high adsorption energy, an extremely low diffusion barrier is present, giving rise to 
motion with a strong normal component / “easy” change of the molecular H2O orientation with respect 
to the surface. The dynamics thus involve a rearrangement of the water molecules with a large z-
dependence of the hydrogen atoms in addition to the lateral motion. Moreover, unlike graphene, h-BN 
is an electrical insulator, and we will further discuss these findings in light of previous reports about 
quantum friction.  

 

Fig. 1. How to make 2D materials with tailored holes: New open network structures have been discovered in a 
combined helium scattering and DFT study, during on-surface synthesis of hexagonal boron nitride. 

 
[1] A. Ruckhofer et al., Nanoscale Horiz. 7, 1388 (2022).  
[2] A. Tamtögl and M. Sacchi, Adv. Phys. X, 8, 2134051 (2023). 
[3] A. Tamtögl et al., Nat. commun., 12, 3120 (2021). 
[4] A. Tamtögl et al., Nat. commun., 11, 278 (2020). 
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Tailoring the properties of molecules of the tetrapyrrole family by metalation and functionalization is 
potentially useful for targeting specific applications, e.g., in the fields of catalysis, sensing, 
optoelectronics, and magnetism. To this end, on-surface preparation strategies, mostly carried out on 
metal surfaces, for variously functionalized porphyrins and phthalocyanines have been developed, that 
provided detailed insight into their hierarchical organization and allowed their structural, electronic, 
and chemical properties to be studied in detail. Atomic-scale investigations into the interfacial 
properties of, e.g., oxide/porphyrin hybrid systems with scanning tunneling microscopy have recently 
emerged (e.g., porphyrins on TiO2(110) [1] or Co(100) [2]). Iron oxides are particularly interesting 
because of their magnetic properties. Fe3O4, which has a high Curie temperature and is a half-metal at 
room temperature, has potential to be used in spintronic devices. Moreover, it has been shown that 
also ultrathin FeO(111) films display ferromagnetic behavior [3]. 

In this contribution, we will present recent results of the adsorption of porphyrins (2H-
tetraphenylporphyrin, 2H-diphenylporphyrin, 2H-porphine) on ultrathin FeO(111) films on Pt(111) and 
Au(111), and on thick Fe3O4(111) films. On monolayer FeO(111), due to the Moiré structure that forms 
with Pt(111) (and Au(111)) and the corresponding periodic work function variation, the molecules 
occupy specific sites depending on coverage. While in the full monolayer regime, an ordered, dense 
monolayer forms on top of the Moiré, the different electronic properties due to the electronic 
alignment of the molecules with the substrate are still visible. On the thicker Fe3O4(111) films, we have 
observed specific ordering of the molecules and the formation of cyclodehydrogenation products after 
heating to elevated temperature. Finally, we will also discuss the self-metalation of the porphyrins on 
the iron oxide surfaces and compare the results with the self-metalation activity on MgO(001) ultrathin 
films. 
 
[1] L. Schio, D. Forrer, M. Casarin, A. Goldoni, C. Rogero, A.Vittadini, L. Floreano, Phys. Chem. Chem. Phys., 24, 12719 (2022). 
[2] M. Ammon, A. Raabgrund, M. A. Schneider, Surf. Sci., 720, 122044 (2022). 
[3] N. Spiridis, D. Wilgocka-Slezak, K. Freindl, B. Figarska, T. Giela, E. Mlynczak, B. Strzelczyk, M. Zajac, J. Korecki, Phys. Rev. B, 85, 
075436 (2012). 
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For the technological utilization of sustainable feedstocks such as pyrolysis oils from biomass, oxygen 
removal via hydrodeoxygenation (HDO) is one of the most essential steps.[1] Metal-promoted MoS2-
based catalysts are well-established for hydrodesulphurization (HDS) of crude oil components, and thus 
a promising material for HDO catalysts.[2-4] This is already proven technology for simple feedstocks 
such as vegetable oils, but more complex compounds with high oxygen content and multiple oxygen 
functionalities such as bio-oils remain challenging, and thus gain increasing interest. 

In contrast to the established use in (virtually oxygen free) HDS, the sulphide catalyst will be exposed 
to water formed from organic oxygenates in the herein desired HDO process. Thus, in the presence of 
oxygen atoms, sulphur atoms may be partially exchanged. Thereby, active sites can become blocked, 
which triggers strong catalyst degradation on the long term. [5,6]  

To gain an atomistic understanding of such processes, herein two-dimensional MoS2 nanoparticles on 
Au (111) surfaces exposed to H2 and/or water containing atmospheres were investigated combining 
microscopic (scanning tunneling microscopy (STM), see fig. 1) and spectroscopic insights 
(photoelectron spectroscopy (XPS)) under various conditions, mimicking HDO from UHV level to the 
near-ambient-pressure regime (few mbar, NAP-STM, NAP-XPS). 

Fig. 1. Scanning tunneling micrograph of 2D MoS2 nanoparticles on a Au (111) support. The inset shows an 
atomically resolved individual particle. 

 
[1] T. M. H. Dabros et al. Prog. Energy Combust. Sci. 68, 268 – 309 (2018). 
[2] A. S. Walton et al. J. Catal. 308, 306 – 318 (2013). 
[3] S. Grønborg et al. Nat. Comm. 9, 2211 (2018). 
[4] N. Salazar et al. Nat. Comm. 11, 4369 (2020). 
[5] A. Gaur et al. ACS Catal. 9, 2568 – 2579 (2019). 
[6] S. Grønborg et al. 2D Mater. 6, 045013 (2019). 
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Iron oxides are promising catalysts in various reactions for energy conversion and storage such as the 
HER, the OER, etc. The adsorption and dissociation of water plays a central role since the energetics of 
water interaction with catalytic sites is fundamental to regulate both activity and selectivity. We 
prepared model systems of FeO ultrathin films on Au(111) and investigated by STM and XPS, their 
interaction with water vapors under UHV conditions, at ambient pressure and in alkaline electrolyte.  

Submonolayer of FeO were deposited on the Au(111) surface (figure 1a) according to a previous 
recipe.[1] The as-prepared surface was exposed at RT to water vapors showing a “pressure gap” in 
dissociative chemisorption, being necessary to reach a rather elevated pressure (mbar range) to detect 
the finger print of hydroxyls in the XPS O 1 s. The STM images showed very bright areas with a similar 
periodicity of FeO/Au(111) Moiré (3.3 nm). The inset of figure 1b shows a high-resolution image that 
allow to discern highly dense bright spots, clustering on the FCC regions of FeO/Au(111) surface. [2] 
Moreover, by comparing series of images acquired at successive times, it was possible to deduce a fast 
diffusion and high mobility of such OH species.[3] The stability of FeO-OHx films in the ambient air was 
proved by both the STM images (see figure 1c) and O 1s photoemission spectra (figure 1h). Then we 
proceeded our investigation and used the EC-STM to monitor the FeOx in 0.1 M KOH. Figure 1d-f were 
the sequence of atomically resolved images acquired from -110 mV to 150 mV (vs RHE), where the FeO 
is stable. We observed the diffusion and disappearance of bright protrusions, suggesting that in alkaline 
solution the FeO surface is partially populated by mobile OH species. 

Our study indicates that FeO/Au(111) is capable of dissociating water and the resulting FeO-OHx films 
is stable at room temperature. The in-situ measurement in electrolyte paves the ways for further 
operando study and a better understanding of the HER reaction. 

 

Fig. 1. The STM image of (a) 0.5 ML FeO on Au(111), FeO-OHx /Au(111) (b) in UHV and (c)in Air. (d-f)The 

consecutive images of FeOx/Au(111) in 0.1 M KOH. The XPS of (g) FeO, FeO-OHx and (h) FeO-OHx after air 

exposure. 
 
[1] Merte, L. R,  et al.;  Nat Commun  5, 4193 (2014) 
[2] Li, Y et al.; ACS Nano 13, 11632-11641 (2019) 
[3] Sun, Z et al.;  J Phys Condens Matter 34, 16 (2022) 

Thu-17:30-O-MS02

320



Nanolithography-Induced Exfoliation 
of Multilayered Materials 

 
Alper Özogul1, Mehmet Z. Baykara2, Enrico Gnecco3 

 
1 Institute for Materials Science and Max Bergmann Center for Biomaterials, TU Dresden, Germany 

2 Department of Mechanical Engineering, University of California Merced, USA 
3 M. Smoluchowski Institute of Physics, Jagiellonian University, Kraków, Poland 

 
enrico.gnecco@uj.edu.pl 

 

We present a comparative study of nanoexfoliation on bulk, layered materials (MoS2, WSe2, HOPG, 
and mica) conducted via atomic force microscopy (AFM). The samples were scratched by single 
crystal diamond probes with varying scan velocities and normal forces. Friction forces measured 
during the scratch tests and post-mortem topography images allow a detailed investigation of 
nanoexfoliation mechanisms. In particular, while MoS2, WSe2, and HOPG undergo nanoexfoliation 
that is characterized by the peeling of flakes from the surface and crack propagation off the main 
scratch direction, mica is devoid of such effects, instead forming well-defined wear tracks that involve 
layer-by-layer exfoliation of terraces separated by monoatomic steps. A comparison of material 
properties (bending stiffness, interlayer adhesion, and tensile strength) mechanistically explains the 
differences in nanoexfoliation behavior. Moreover, the velocity dependence of lateral contact 
stiffnesses is studied to infer the influence of capillary-adhesion-mediated contact aging on 
nanoexfoliation, revealing a connection to the degree of surface hydrophobicity. Our results 
contribute to the formation of a physical understanding of the elementary steps involved in wear of 
layered materials, and hint at the possibility of precise, controlled nanoexfoliation by a careful 
selection of operational and environmental parameters. 

 
 
[1] A. Özogul, M. Z. Baykara, and E. Gnecco, App. Surf. Sci. Adv., 6, 100146 (2021) 
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A plethora of nanoscale features and self-organized patterns emerge on surfaces which are irradiated 
by ion beams [1]. Depending on the irradiation conditions, i.e., ion mass, ion energy, charge state, 
incidence angle, sample temperature, very different kinds of surface morphologies are observed, like 
hexagonally ordered dots or pits, pyramids and inverted pyramids, or periodic asymmetric ripple 
patterns. 

On amorphous or amorphized surfaces, the formation of periodic patterns under continuous ion 
irradiation results from the interplay of different roughening mechanisms, e.g., curvature dependent 
sputtering, ballistic mass redistribution, or altered surface stoichiometry on binary materials, and 
smoothing mechanisms, e.g., surface diffusion or viscous flow. The symmetry of these patters is 
determined by the ion beam direction, i.e., hexagonal near order at close to normal incidence and two-
fold symmetry at off-normal incidence above ~45°. However, more intriguing patterns can also appear. 
Above the recrystallization temperature diffusion is affected by the Ehrlich-Schwoebel barrier on the 
crystalline surface: vacancies and ad-atoms are then trapped on terraces and can nucleate to form pits 
or mounds, respectively. Patterns formed in this “reverse epitaxy” regime exhibit crystalline facets and 
the symmetry of the patterns is determined by the crystal structure of the surface [2]. However, ballistic 
effects can also play a role and shape the resulting morphology [3].   

The fundamental understanding of the pattern formation is already quite advanced. Simulations based 
on atomistic methods, such as molecular dynamics (MD) and kinetic Monte-Carlo (kMC), or by 
continuum equations can describe in most cases the experimental observations. The status of our 
current understanding and the predictive power of continuum theories to achieve full control of the 
ion-induced patterning process will be presented and discussed. 

 

 
Fig. 1. Different types of ion-induced patterns observed after high-fluence irradiations: a) “classical” ripple 

pattern on amorphized Si by 500 eV Ar+ at 67° incidence, b) hexagonal dot pattern on amorphized Ge by 20 keV 
Bi+ at 0° incidence, c) pyramids and inverse pyramids on Ge(001) by 1 keV Ar+, and d) periodic “saw tooth” 

patterns on GaAs (001) by 1 keV Ar+ at normal incidence. 
 
[1] Cuerno, Rodolfo et al., J. Appl. Phys., 128, 180902 (2020). 
[2] Ou, Xin et al., Nanoscale, 7, 18928 (2015). 
[3] Erb, Denise J. et al., Phys Rev B, 104, 235434 (2021). 
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We investigate the nanoscale self-organized pattern formation of the Ge(001) surface induced by ion 
beam bombardment at sample temperatures above the recrystallization temperature. Two previously-
observed kinds of topographies are seen, i.e., anisotropic patterns consisting of upright and inverted 
rectangular pyramids, as well as isotropic patterns composed of shallow, isotropic basins [1]. In 
addition, we observe the formation of an unexpected third type of pattern. In this transitional 
morphology, isolated peaks with rectangular cross sections stand above a landscape of shallow, 
rounded basins. Which morphology is observed depends on the ion energy and flux and on the surface 
temperature. An anisotropic pattern is replaced by a transitional pattern and then by an isotropic 
pattern as the sample temperature is increased. The same sequence of transitions is observed as the 
ion energy or flux is reduced. Thus, anisotropic patterns are found in the regime in which the effects of 
ion bombardment are predominant, while isotropic patterns are observed in the regime in which 
thermal effects are most important. Naturally, transitional patterns occur between these two extremes. 
 
To model the observed pattern morphologies, we extend past theoretical work on the equation of 
motion to include a second order correction term resulting from the curvature dependence of the 
sputter yield [2]. This term produces the isolated peaks in the transitional patterns and would result in 
the formation of spike singularities if this were not averted by the Ehrlich-Schwoebel effect. For a range 
of parameter values, the resulting continuum model of the surface dynamics produces patterns that 
are remarkably similar to the morphologies we observe in our experiments [3].  

 

 

Fig. 1. AFM topographical images of Ge(001) surfaces after irradiation at a sample temperature of 380 °C with 
Ar+ ions at energies increasing from left to right: (a) isotropic, (b) transitional, (c) anisotropic pattern.  

The false color ruler indicating the surface height ranges from 0 to z as labeled. 

 
[1] X. Ou et al., Phys. Rev. Lett., 111, 016101 (2013) 
[2] R.M. Bradley and G. Hobler, J. Appl. Phys., 129, 194301 (2021) 
[3] Manuscript in review. Preprint: http://arxiv.org/abs/2304.06302 
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In recent years, many experiments have been devoted to the study of nanostructures formed as a result 
of the interaction of highly charged ions (HCl) with solids [1], nanolayers of metals such as titanium and 
gold [2,3] and two-dimensional materials such as MoS2 [4] or graphene [5]. Accelerated HCI stores its 
energy in the form of the kinetic energy and the potential energy, which is related to the charge state 
of the ion. When HCI collides with a surface, its energy is deposited into the solid, which can lead to 
permanent surface modifications. The fundamental mechanism of formation of these modifications is 
still under investigation. 
This work presents the  recent experimental studies aimed at understanding of mechanism of creation 
of nanostructures on the surface of metal nanolayers as a result of their irradiation with slow highly 
charged Xeq+ ions. The nanolayers of various metals were prepared by the metal evaporation on silicon 
Si (100) substrates. The nanolayers were irradiated at the Kielce EBIS facility, under high vacuum 
conditions. Before and after irradiation the nanolayer surfaces were investigated using the scanning 
probe microscopy. As the result, well pronounced modifications of the nanolayer surfaces in the form 
of craters and hillocks were observed. Systematic analysis of the nanostructure sizes (diameter on the 
surface and depth or height) allowed us to determine the influence of the deposited energies on the 
size of the obtained nanostructures [3]. 
 
EBIS facility is supported by Polish MEiN (project 28/489259/SPUB/SP/2021). N. N. Nedeljković and M. 
D. Majkić are grateful for the support of the MESTD of the Republic of Serbia (projects 171016, 171029). 
 
[1] F. Aumayr et al., J. Phys.: Condens. Matter, 23, 393001 (2011) 
[2] I. Stabrawa et al., Nucl. Instrum. Methods B, 408, 235-240 (2017) 
[3] I. Stabrawa et al., Vacuum, 210, 111860 (2023) 
[4] A. Niggas et al., Phys. Rev. Lett., 129, 086802 (2022) 
[5] E. Gruber et al., Nature Comm., 7, 13948 (2016) 
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Understanding the response of Gallium Nitride (GaN) to strongly ionising radiation is pivotal for 
developing the new generation of radiation-hard semiconductor devices. While GaN is renowned for 
its high radiation resistance, accurately predicting the effects of ionising radiation remains challenging 
due to the complex phase-transition diagram and defect creation-annihilation dynamics inherent in 
group-III nitrides. Here, we employ a combination of the Two-Temperature Model, Molecular Dynamics 
simulations, and Transmission Electron Microscopy to investigate the response of GaN to Swift Heavy 
Ions (SHI) at the atomic level.  
   
Our findings highlight the remarkable tendency of GaN to recrystallise the regions melted by impinging 
ions. Deep in the crystal, the crystalline lattice keeps the molten track well confined, which improves 
the recrystallisation efficiency [1] and leads to a relatively high energy threshold for permanent ion 
track formation. In contrast, such confinement is disrupted by the surface, hindering the 
recrystallisation process and consequently reducing the track formation threshold [2].  
   
The presence of the surface induces yet another change in the ion-solid interaction. While, upon ion 
impact, the lattice in the bulk primarily expands radially, the surface introduces an additional degree 
of freedom, allowing the lattice to expand upwards. This surface-induced pressure gradient gives rise 
to substantial sputtering during the initial stages of ion interaction. Due to this, the ion track 
morphology near the surface typically contains pits, shallow voids and nanohills.  
   
Overall, our study offers insights into the effects of strongly ionising radiation on GaN, underscoring 
the paramount importance of accounting for surface effects when studying the radiation damage in 
this material. 

 
[1] M.C. Sequeira et al., Communications Physics, 4, 51 (2021)  
[2] M.C. Sequeira et al., Small, 18, 2102235 (2022) 
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Molecular dynamics (MD) simulation method is an indispensable tool for understanding ion irradiation 
effects in materials. It is most commonly used to understand effects at the eV to keV ion energy regime 
but can used at the MeV to GeV regime as well when extended with the two-temperature model. Ions 
at this regime are called swift heavy ions (Ekin ⪆ 1 MeV/amu), and they can give rise to unique materials 
modifications along their trajectories. 

We have used MD to understand two peculiar effects shown on Fig. 1: the shape transformation of 
gold nanoparticles (NP) embedded in a-SiO2 and the self-organization of voids grown on a-Ge films 
grown on c-Ge. Both of these effects have technological relevance (for plasmonic devices and 
fabricating metamaterials, respectively), but their driving forces are not well understood.  

In addition to the previously known role of thermal stress in the NP shape transformation [1], our 
simulations reveal an important contribution from adhesion between a-SiO2 and the metal NP [2]. 
Current efforts are focused on understanding the role of the so-called ion hammering effects at high 
fluence. Similarly, in a-Ge, our simulations show that adhesion between the molten ion track and 
crystalline substrate plays an important role in initiating the self-organization effect. We also explore 
the role of ion hammering in a-Ge, which has important consequences for fundamental materials 
science, for example, on the question of whether a-Si and a-Ge exist as a 4-fold liquid [3]. 

 

 

 

Fig. 1. Schematic presentations of the two irradiation effects a) Shape transformation of embedded Au 
nanoparticles in a-SiO2 b) self-organization of voids in a-Ge 

 
[1] C. D’Orléans et al., Phy. Rev. B. 67, 220101 (2003) 
[2] A. A. Leino, V. E. Jantunen, P. Mota-Santiago, P. Kluth and Flyura Djurabekova, Sci. Rep. 13, 6354 (2023) 
[3] A. Hedler, S. L. Klaumünzer and W. Wesch, Nat. Mater 3, 804–809 (2004) 
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Nanohillocks and nanocraters, created as a response of the metal surface on the highly charged ions 
irradiation, are theoretically studied using the cohesive energy model (CEM). In the first step of the 
CEM we consider a deposition of the neutralization and the kinetic energy into the solid. We employ 
the quantum two-state vector model (TVM) [1] of the intermediate Rydberg state population and the 
micro-staircase model [2] of the cascade neutralization above the surface, and the charge dependent 
ion-atom interaction potential model for the calculation of the kinetic energy loss as a result of the 
elastic collisions between the projectile and the target atoms below the surface [2]. The synergy of 
the neutralization energy and the deposited kinetic energy in the process of the nanostructures 
formation is described by the critical ionic velocity [2]. For ionic velocities lower than the critical one, 
model assumes an appearance of the hillocks, and the neutralization energy gives the main 
contribution in the surface modification, while for the larger velocities the deposited kinetic energy 
plays a dominant role and the expected structures are craters [3].  

In the second step of the CEM, we assume that the total energy (consisting of the neutralization 
energy and the deposited kinetic energy) deposits into the active volume of the solid, resulting in a 
decrease in the target cohesive energy. In the case of hillock formation (expanded metal), the 
modified interatomic distances and the change of the electron density profile affect the decrease of 
the bonding strength. The rearrangement of atoms leads to the rise of the volume above the surface 
and hillock creation. The process below the surface has a negligible contribution. On the other hand, 
for crater formation the atomic collisions below the surface play a dominant role. In the final state of 
the surface modification, the bond strength between target atoms inside the crater volume tends to 
zero and a number of atoms are ejected from the surface, while the remaining part of the active 
volume is totally recovered. The proposed simple mechanism enables us to calculate the 
nanostructure diameters. The results are consistent with the experiments related to the hillock [4] 
and crater [3] nanostructures, formed on the titanium and gold targets.  

 

This work was supported in part by the Ministry of Education, Science and Technological 
Development of the Republic of Serbia (Project 171029). D. Banaś and I. Stabrawa are grateful for the 
financial support by the Polish Ministry of Education and Science (project 28/489259/SPUB/SP/2021). 

 
[1] N. N. Nedeljković and M. D. Majkić, Phys. Rev. A, 76, 042902 (2007)  
[2] M.D. Majkić and N. N. Nedeljković, Vacuum, 190, 110301 (2021)   
[3] I. Stabrawa et al, Vacuum, 210, 111860 (2023) 
[4] I. Stabrawa et al, Nucl. Instrum. Methods Phys. Res.B 408, 235–240 (2017)  
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the removal of emerging contaminants from water 

 

Khaled Mahmoud 

 

Hamad Bin Khalifa University 

kmahmoud@hbku.edu.qa 

 

Characteristic properties of two-dimensional (2D) transition metal carbides and nitrides (MXenes), such 
as high conductivity, hydrophilicity, and catalytic activity have led to a growing research interest in their 
use in environmental remediation and water treatment applications. The ability to process MXenes 
into flexible films with negative surface charge and hydrophilicity adds a possibility to control ion flux 
and biofouling by applying a small potential to the membrane. MXene shows a much higher 
antibacterial efficiency toward both Gram-negative and Gram-positive bacteria as compared with other 
2D nanomaterials. Consequently, MXene membranes demonstrated outstanding water flux, and 
selective rejection of salts and organic molecules, which makes them ideal UF/NF membrane materials. 
Moreover, MXene has been successfully used for the efficient adsorption and removal of heavy metals 
such as Hg, and Cu. This talk summarizes the recent advances in the applications of MXenes as 
adsorbents, desalination membranes, electrodes for electrochemical deionization, and catalytic or 
antibacterial agents for water purification and other environmental remediation processes. The 
overview also features discussions on the computational attempts, biocompatibility, and 
environmental impact in the exploration of MXenes for water applications, highlighting the challenges 
and opportunities of these advanced 2D materials. The biocompatibility and cytotoxicity assessment 
of MXene and its impact on the environment will be highlighted.  
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MXene materials have gained significant attention in recent years for their extensive studies in energy 
storage and conversion, as well as catalysis. Their remarkable properties, including high electrical 
conductivity, versatile surface chemistry, and excellent chemical stability, provide substantial 
advantages for these applications. This talk aims to explore the vast potential of MXene and its surface 
chemistry in unlocking enhanced performance across various fields.The surface chemistry of MXene 
can be precisely tailored using alternative chemical methods such as MAX phase exfoliation or chemical 
treatment of exfoliated MXene. Exfoliation of MXene through hydrogen fluoride methods (e.g., HF or 
LiF systems) results in a mixed surface termination comprising fluorine and oxygen functionalities. The 
oxygen functionalities, such as hydroxyl groups, can be further functionalized using triethoxysilane 
derivatives, creating Ti-O-Si bonds and facilitating effective surface modifications [1]. Covalent bonding 
of zwitterionic compounds onto the MXene surface presents a promising strategy for significantly 
improving MXene's performance in supercapacitor applications. Another approach involves 
topochemical conversion through the reaction of MXene with chalcogen and other elements, such as 
phosphorus or nitrogen, leading to chalcogen termination or the formation of composites consisting 
of MXene composites with unusual new properties. These hybrid materials hold potential for 
applications in supercapacitors, photodetectors, as well as catalysts for electrochemical nitrogen 
reduction and water splitting. The rich surface chemistry of MXene offers numerous possibilities for 
controlled functionalization, catering to various applications not only in energy storage but also in 
optoelectronic and sensing applications. This plenary talk will delve into the advancements in MXene 
research, highlighting the importance of surface chemistry and its profound impact on performance. 
Through a comprehensive examination of functionalization strategies and their applications, we aim to 
demonstrate the vast potential of MXene in driving innovation across multiple disciplines. 

This work was supported by ERC-CZ program (project LL2101) from Ministry of Education Youth and 
Sports (MEYS). 
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Energy plays a key role in the development of civilization. Yet, the energy production is still dominated by 

non-renewable fossil fuels.  In the search of novel and sustainable forms of energy, thermoelectric (TE) 

materials attract the enormous attention because they assist in recovering the energy from wasted heat. 

However, the efficiency of the existing TE materials operating in room temperature is still not satisfactory. 

Recently, MXenes a two-dimensional (2D) materials, gained a significant attention since theirs atomically 

thin layers exhibit unique band structures that enable to attain large thermoelectric power factors [1].  

In this review, I will  briefly discussed various aspects and the importance of thermoelectrics materials (TM). 

I will focus on thermoelectric properties of MXenes  in comparison to conventional TM and other 2D 

materials [2]. I will present various strategies in enhancing the thermoelectric figure of merit (ZT), Seebeck 

coefficient, and termoelectric power of MXenes-based nanomaterials. In particular, the defective surfaces  

play a key role in reducing the thermal conductivity of MXenes. Moreover, the range of MXenes chemical 

composition enables the research path via energy band engineering, optimization, carrier concentration 

and mobility. Additionally, the latest addition to the flatland, transition metal borides (MBenes) 

demonstrates an incredible diversity of structures with various crystal symmetries [3,4]. Finally, other 

aspects such as layer-dependent TE properties and structural anisotropy, which lead to the orientation 

dependent properties, pave the way in device design for potential TE applications. The commercial 

applications of TE devices will be also partially discussed, with possibilities and prospects extended to 

MBenes.  

[1] S. Karmakar and T. Saha-Dasgupta, First-principles prediction of enhanced thermoelectric properties of double transition metal 

MXenes: Ti3−xMoxC2T2;(x=0.5,1,1.5,2,2.5,T=−OH/−O/−F), Phys. Rev. Mat. 4, 124007 (2020).  
[2] S. Bandaru, A. M. Jastrzębska M. Birowska,  Recent progress in thermoelectric MXene-based structures versus other 2D 

materials, https://arxiv.org/abs/2304.07015.  
[3] V. G. Nair, M. Birowska, D. Bury, M. Jakubczak, A. Rosenkranz, and A. M. Jastrzębska, 2D MBenes: A Novel Member in the 

Flatland, Advanced Materials 34, 4 2108840 (2022),  
[4]M. Jakubczak, A. Szuplewska, A. Rozmysłowska-Wojciechowska, A. Rosenkranz, and A. M. Jastrzębska, Novel 2D MBenes - 

Synthesis, Structure, and Biotechnological Potential, Advanced Functional Materials 31, 2103048 (2021)  
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There is a growing need for the development of high-performance thermoelectric materials and 
devices that can efficiently convert heat energy into electricity. Some 2D materials have great potential 
for next-generation thermoelectric devices due to their large and tunable Seebeck coefficient and low 
thermal conductivity. MXenes are a new family of 2D materials consisting of transition metal carbides 
and nitrides, which are predicted to show outstanding thermoelectric properties based on theoretical 
calculations [1]. However, few experimental studies have been performed so far to confirm their 
potential. Scanning thermal microscopy (SThM) is a powerful tool that provides effective local thermal 
and thermoelectric measurements with nanoscale spatial resolution [2].  

We investigated the thermal transports and thermoelectric properties of several MXene flakes, 
including Ti3C2, Mo2TiC2, and Nb4C3, with varying thickness by using SThM to map their local thermal 
conductance [3] and thermovoltage [4]. The results showed that MXenes have ultralow thermal 
conductivity, which benefits their thermoelectric performance. We further used the SThM probe to 
locally heat MXenes homostructure to study their local thermoelectric properties. Significant 
thermovoltage changes were observed along at junctions formed between MXene flakes and at 
wrinkles. We extracted the local Seebeck coefficient variations from the thermovoltage image via 
deconvolution methods and revealed the structurally, defect, strain and stacking order dependent 
changes in the Seebeck coefficient [5] and compared the thermoelectric properties of different kinds 
of MXenes. Our work may pave the way for engineering new phases of thermoelectricity in 2D 
materials. 

 
Figure 1. (a) Thermal resistance of the Ti3C2 MXene as a function of flake thickness and a model [3] fitting (blue line). (b) 

Thermovoltage image of Ti3C2 MXene device. 

 
[1] D. Li, Y. Gong, Y. Chen et al., Nano-Micro Letters, 12, 36 (2020).  
[2] A. Harzheim, J. Spiece, C. Evangeli et al., Nano Letters, 18, 7719-7725 (2018). 
[3] F. Menges, H. Riel, A. Stemmer et al., Physical review letters, 111, 205901(2013). 
[4] A. Harzheim, C, Evangeli, OV. Kolosov et al., 2D Materials, 7, 041004 (2020). 
[5] D. Kim, EC. Shin, Y. Lee et al., Nature Communication, 13, 4516 (2022). 
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The vast majority of MAX phase and MXene chemistry is represented by solely carbide-based 
syntheses, whereas nitride and carbonitride phases are significantly underrepresented.[1] This can be 
attributed to the more demanding synthesis procedure due to the high stability and low diffusion rate 
of nitrogen-containing compounds. However, by combining wet-chemical based methods, such as the 
so-called “urea-glass method”, [2] as well as the rare “liquid ammonia method”, [3] with conventional 
solid-state preparation techniques, we have developed an alternative two-step process to further 
expand the hardly investigated field of MAX phase nitrides and carbonitrides by V2GaN and the hitherto 
unknown carbonitride phases V2GaC1-xNx [4] and Cr2GaC1-xNx. First, nanoparticular precursors are 
prepared. Here, the sol-gel based “urea-glass” approach results in nanoparticular ternary transition 
metal carbonitrides (e.g. VC1-xNx or CrC1-xNx), whereas the liquid ammonia method provides carbon-
free nanoparticular binary nitride precursors (e.g. VN). Afterwards, the nanoparticular precursors are 
thoroughly mixed with elemental precursors to ensure MAX phase stoichiometry. Subsequent heat 
treatment finalizes product formation. For the new carbonitride phases, the mixed carbon/nitrogen 
character was proven by means of X-ray powder diffraction, Electron energy loss spectroscopy, and X-
ray photoelectron microscopy. SEM micrographs reveal the morphology of the samples, consisting of 
partly typical anisotropic layered MAX phase structures, as well as needle- and drop-like particles 
covering the surface. Furthermore, magnetic measurements of the Cr2GaC1-xNx were conducted to gain 
new insights of the influence of the mixed C/N character. This synthesis method has the potential to 
open the path to further hitherto unknown nitride and carbonitride MAX phases that can also be 
promising as MXene precursors. 
 
[1] Sokol, M.; Natu, V.; Kota, S.; Barsoum, M. W. Trends Chem., 1 (2), 210-213 (2019). 
[2] Giordano, C.; Erpen, C.; Yao, W.; Milke, B.; Antonietti, M. Chem. Mater., 21 (21), 5136-5144 (2009). 
[3] Fowles, G. W. A.; Nicholls, D.Q. Rev. Chem. Soc., 16 (1), 19 (1962).  
[4] Kubitza, N.; Reitz, A.; Zieschang, A.-M.; Pazniak, H.; Albert, B.; Kalha, C.; Schlueter, C.; Regoutz, A.; Wiedwald, U.; Birkel, C. S. 
Inorg. Chem., 61 (28), 10634-10641 (2022). 
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Heterostructures (HSs) of van der Waals (vdW) crystals are created by stacking atomically thin layers 
with different compositions and relative angular alignment thus prompting an endless number of 
combinations. Another key feature of vdW HSs (and of the constituent layers) is their highly sensitive 
response to strain [1]. 

Here, we show two exemplary cases, where combined heterostructuring and strain add new 
functionalities to and improve the optoelectronic characteristics of 2D crystals. 

First, we consider HSs formed by strained transition metal dichalcogenide (TMD) monolayers (MLs) and 
h-BN. Strain is achieved by proton irradiation of TMD bulk flakes, in which protons lead to a local 
blistering of the crystal just beneath the topmost plane and hence to the formation of highly strained 
ML micro/nano-domes filled with H2 [2]. The capping with h-BN promotes an elastic energy transfer 
from the domes to h-BN that eventually prevents the dome deflation at the liquefaction temperature 
of H2 (~33 K). In turn, this preserves the dome strain field and enables the fabrication of spatially 
controlled quantum emitters [3]. 

Secondly, InSe/TMD dome HSs are presented. InSe features excellent transport properties but poor 
emission efficiency in the few layer limit. We exploit the strain-induced transition of the valence band 
maximum from K to Γ in MS2 (M=Mo,W) ML domes [4] to enable efficient carrier transfer TMD MLs to 
the InSe. As a result of these processes a sizable increase in the emission efficiency of InSe is observed. 
 
[1] E Blundo, E Cappelluti, M Felici, G Pettinari, A Polimeni, Appl. Phys. Rev. 8, 021318 (2021) 
[2] E Blundo, T Yildirim, G Pettinari, A Polimeni, Phys. Rev. Lett. 127, 046101 (2021) 

[3] Salvatore Cianci, Elena Blundo, Federico Tuzi, Giorgio Pettinari, Katarzyna Olkowska‐Pucko, Eirini Parmenopoulou, Djero BL 

Peeters, Antonio Miriametro, Takashi Taniguchi, Kenji Watanabe, Adam Babinski, Maciej R Molas, Marco Felici, Antonio 
Polimeni, Adv. Optical Mater. 11, 2202953 (2023) 
[4] E Blundo, M Felici, T Yildirim, G Pettinari, D Tedeschi, A Miriametro, B Liu, W Ma, Y Lu, A Polimeni, Phys. Rev. Res. 2, 012024 
(2020) 
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This work explores the fascinating realm of 2D chalcogenide materials. Chalcogenides, such as SnSe, 
Cr-Se, WS2, and MoS2, possess unique electronic and optical properties due to their atomically thin 
structure and strong interlayer bonding. These materials offer exciting opportunities for applications 
ranging from electronics to optoelectronics, energy conversion, and beyond. Discerning the 
fundamental characteristics and exploring the potential of 2D chalcogenide materials pave the way for 
advancements in various fields, including nanoelectronics, cryogenics, and emerging technologies. 

Understanding the phonon anharmonicity and temperature-dependent behavior in 2D materials is 
crucial for the development of efficient memory elements and memristor devices. Among these 
materials, orthorhombic SnSe nanoflakes have garnered significant interest due to their potential 
applications in novel devices. SnSe nanoflakes with a thickness of less than 100 nm, oriented along the 
[100] crystal axis, were obtained using physical vapor transport at atmospheric pressure [1]. To 
investigate the anharmonic phonon behavior in SnSe nanoflakes, polarization-resolved Raman 
spectroscopy was performed at a temperature of 5 K. The frequencies and linewidths of Raman modes 
in tin selenide were analyzed and fitted to the anharmonic phonon coupling theory. The findings 
indicate that both two and three order processes contribute to the phonon decay in tin selenide. 
Additionally, the temperature dependence of the Raman shift and linewidth reveals the strong 
anisotropy of SnSe nanoflakes. 

The development of micrometer-sized hexagonal chromium selenide (Cr-Se) flakes for cryogenic 
temperature sensing [2] is also part of this work. These flakes were synthesized using a physical vapor 
transport method and characterized using scanning electron microscopy, energy dispersive X-ray 
spectrometry, and X-ray photoelectron spectroscopy. By transferring the flakes onto Au contacts using 
a dry transfer method, resistivity measurements were performed in a temperature range from 7 K to 
300 K. The excellent fit quality of the collected data allowed for extrapolation of resistivity values, 
demonstrating the logarithmic sensitivity of the sensor for a large domain of cryogenic temperatures. 

The fabrication and characterization of energy-efficient memristive devices using liquid-exfoliated 2D 
WS2 and MoS2 nanosheets [3] will also be presented. The nanosheets were enriched in monolayers 
through a cascade centrifugation method and integrated into lateral devices with electrochemically 
inert electrodes. The conventional spectroscopy measurements are used to determine the mean size 
and mean thickness of the nanosheets. The resulting memristive devices exhibited non-volatile 
resistive switching behavior with remarkably low energy consumption, and can contribute to the 
realization of ultra-low-power and high-performance neuromorphic computing applications. 

Acknowledgement: The authors acknowledge the financial support of the Romanian Ministry of 
Research, Innovation and Digitalization in the framework of the M-ERA.NET 109/2019 (ERANET-M.-2D-
SPIN-MEM) project, Core Program PN19-03 and Core Program Project PC3-PN23080303. 
 
[1] A.T. Buruiana, A.E. Bocirnea, A.C. Kuncser, T. Tite, C. Mihai, N. Zawadzka, K. Olkowska-Pucko, Ł. Kipczak, A. Babiński, M.R. 
Molas, A. Velea, A.C. Galca, Applied Surface Science, 599, 153983 (2022) 
[2] A.T. Buruiana, F. Sava, N. Iacob, E. Matei, A.E. Bocirnea, M. Onea, A.C. Galca, C. Mihai, A. Velea, V. Kuncser, Sensors, 21, 8084 
(2021) 
[3] C. Mihai, F. Sava, A. C. Galca, A. Velea, AIP Advances, 10, 025102 (2020) 
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By using first-principles DFT modeling and a rigorous theoretical approach to calculating first-order 
Raman scattering cross-sections [1], we study temperature-dependent shapes of Raman bands in 
popular representative van der Waals materials [2]: including 2H-MoS2, a heterostructure of 2H-
MoS2/graphene, and semi-metallic 1T-TiS2. We consider anharmonicity-induced effects in the models: 
thermal expansion and all significant phonon-phonon scattering processes. 

While it is well-known that the anharmonicity of a crystal typically causes a red-shift of Raman bands’ 
positions and broadens their linewidths, it is usually not taken into account that anharmonicity-induced 
changes are internally dependent on Raman shift of the incident light [1]. Consequently, the shapes of 
observed Raman bands might not remain perfectly Lorentzian. Instead, they can take the form of quasi-
Lorentzian functions with centers and broadening parameters dependent on Raman shift, leading to 
an asymmetry of the Raman bands [1]. 

In our work, we comprehensively study positions, bandwidths, and asymmetry of Raman bands in the 
above-listed van der Waals materials. The parameters of each band are dominated by the 
anharmonicity of the system, which itself increases with the temperature. The most intriguing and 
counter-intuitive situation occurs in 1T-TiS2, in which large anharmonicity leads to a significant 
dependence of the first-order A1g band’s parameters on Raman shift and to its asymmetric broadening 
– making an illusion of another band’s formation. 

Acknowledgments: Research was funded by the Warsaw University of Technology within the Excellence 
Initiative: Research University (IDUB) programme. We also acknowledge the usage of computer cluster 
DWARF at WUT supported by the Polish National Science Center (NCN) under Contracts No. UMO-
2017/26/E/ST3/00428 and UMO-2017/27/B/ST2/02792. 

 

Fig. 1. Temperature evolution of the A1g Raman band in TiS2 and dispersion of its quasi-Lorentzian parameters. 

[1] R. A. Cowley, Rep. Prog. Phys., 31, 123 (1968). 
[2] X. Yan et al., Sci. China Phys. Mech. Astron., 65, 117004 (2022). 
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Monolayers (MLs) of WSe2 are darkish materials with ground dark (optically inactive) exciton state. The 
neutral dark excitons exhibit a double (fine) structure comprising so-called grey (XD) and dark (XD) 
complexes. The XD emission can be observed only due to the applied in-plane and out-of-plane 
magnetic field [1]. Magnetic layered materials with intrinsic magnetic order [2] are perfect candidates 
to be used to brighten the dark exciton due to the proximity effect. We employ the polarization 
resolved photoluminescence (PL) at low temperature (T=5 K) and temperature dependent PL 
measurement to investigate the proximity effect in two heterostructures (HS1 and HS2) comprising the 
WSe2 ML, capped with the CrCl3 layer and encapsulated in hexagonal BN. 

Fig. 1 (a) displays photoluminescence spectra of 10 
nm CrCl3 flake, WSe2 and HS1 WSe2/CrCl3 

heterostrucure. The spectrum of CrCl3 flake exhibits 
a broad-band optical response. The spectrum of 
WSe2 is analogous to those previously reported and 
comprises in particular emission lines related to the 
bright neutral exciton (XB) and dark exciton (XD). The 
PL spectra, measured at the edges of 
WSe2/CrCl3 heterostructure (HS1) is dominated by 
single narrow line, with energies close to the XD. We 
attribute this line to the neutral dark exciton (XD) 
activated by the in-plane component of the 
proximity field from the planar ferromagnet, 
initially based on the emission energy. We base this 
conclusion also on the polarization-resolved PL 
spectra which shows a XD line from the HS1 
characterized by two linearly polarized components 
with emission energy changes with detection 
angle with energy separation of about 700 μeV and 
821 μeV which is shown on Fig. 1 (b) and (c), 

respectively. We also complete our observation by verifying brightening of the dark exciton by 
inspection of the temperature dependence on HS2. The XD feature disappears at the temperature of 
about 30 K which corresponds to the Cure temperature Tc = 27 K of bulk CrCl3 [3]. 
We conclude that emission lines in the HSs are related to the dark (XD) exciton brightened by the in-
plane magnetic field due to the non-zero net in-plane magnetization of the CrCl3 layer. 

 
[1] M. R. Molas, et al., Phys. Rev. Lett. 123, 096803 (2019). 
[2] M. Gilbertini, M. Koperski, et el. Nat. Nanotechnol. 14, 408-419 (2019). 
[3] M. A. McGuire, Crystals 7, 121, (2017). 

Figure 1: (a) PL spectra of 10 nm CrCl3 flake (blue), ML 
of WSe2 (red) and of WSe2/CrCl3 HS (green). (b) The 
polarization-resolved PL spectra of XD line for two 
orthogonal linear polarizations. (c) Corresponding 
linear polarization dependence of XD 
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 Hexagonal boron nitride (hBN) as an atomically flat, two-dimensional insulator, appears in many novel 
applications (e.g., van der Waals heterostructures). However, most of the applications are based on 
small flakes exfoliated from the bulk crystal. In many cases, it is an obstacle which hinders the 
introduction of hBN in large-scale applications. One possible solution for this problem is epitaxial 
growth that permits to obtain few-inch area layers [1]. However, the structural and optical quality of 
epitaxial layer is still inferior to flakes exfoliated from the bulk crystal [2]. Improving the quality of 
epitaxial layers requires a deeper understanding of the defect properties and their mechanisms of 
creation. 

In this work, we present E1u hBN phonon studies in broad range of temperatures (160-540~K) using 
Fourier-transform infrared spectroscopy (FTIR). We measured delaminated [3] as well as as-grown 
epitaxial layers. Here we would like to focus on an anomalous giant shift of phonon energy observed 
for both types of samples. The phonon energy upshift is correlated with the decrease of spectral peak 
integral coming from lorentzian fitting as presented in Fig. 1. The temperature for which the anomaly 
occurs is sensitive to heating, cooling and light irradiation. We present a model involving temperature 
induced redistribution of  the charge on defects what changes their charge state. This in turn causes 
compressive strain in the epitaxial layer, that would have to be of the order 0.1% to explain the observed 
shift [4]. The narrow temperature range in which the anomalous behavior takes place raises the 
question of an involvement of pyroand piezoelectric effects, which can be expected for non-

centrosymmetric stackings of BN monolayers [5]. 

This work was supported by the National Science Centre, Poland, under decisions 
2019/33/B/ST5/02766 and 2020/39/D/ST7/02811. 

 

Fig. 1. hBN E1u phonon energy as a function of temperature for as-grown sample (filled circles) and after UV 

irradiation  (opened black circles). The anomalous behavior occurs for ~425 K (for as-grown) and ~520 K (for UV 

irradiated). Lines are guides to the eyes. 

[1] A. Dąbrowska et al., 2D Mater., 8, 015017 (2021) 
[2] K. Ludwiczak et al., ACS Appl. Mater. Interfaces, 13, 470904 (2021) 
[3] J. Iwański et al., Acta Phys. Pol. A, 139, 4 (2021) 
[4] Ch. Androulikadakis et al., Phys. Rev. B, 97, 241414(R) (2018) 
[5] J. Iwański et al., Nanotechnology, 34, 015202 (2023) 

Thu-12:10-O-MS05

343



MS06
Xenes: Two-Dimensional Artificial Materials 
5 talks

1. Wed-10:30-K-MS06 Wednesday, August 30 10:30 / 40 min Keynote speaker

Zdenek Sofer
University of Chemistry and Technology 
Prague 

Chemistry of Xenes – 2D silicon and germanium 

2. Wed-11:10-O-MS06 Wednesday, August 30 11:10 / 20 min Regular talk

Sara Ghomi
CNR-IMM, Politecnico di Milano 

Growth of ultrathin tellurium films on gold and dielectric substrates 

3. Wed-11:30-F-MS06 Wednesday, August 30 11:30 / 20 min Featured speaker

Emiliano Bonera
Universita di Milano-Bicocca, Italy 

Optothermal Raman Spectroscopy of 2D materials on metal 
substrates. 

4. Wed-11:50-O-MS06 Wednesday, August 30 11:50 / 20 min Regular talk

Laurita Florean
INSP, Sorbonne University 

Molecular adsorption on Dumbbell Silicene 

5. Wed-12:10-F-MS06 Wednesday, August 30 12:10 / 20 min Featured speaker

Christina Birkel
School of Molecular Sciences, Arizona State 
University 

Expanding the family of MAX phases: Synthesis of exotic layered 
solids 

344



Abstracts
MS06
Xenes: Two-Dimensional Artificial Materials 
5 abstracts

345



Wed-10:30-K-MS06

346

Chemistry of Xenes – 2D silicon and germanium 
 

Zdenek Sofer1 
 

1 Department of Inorganic Chemistry, University of Chemistry and Technology Prague, Technická 5, 166 
28 Prague 6, Czech Republic 

 
zdenek.sofer@vscht.cz 

 

Xenes, a novel class of monoelemental 2D materials comprising silicon, germanium, tin, and other 
elements, have emerged as a promising frontier in materials science. These materials offer unique 
opportunities for chemical modifications, enabling precise control over their physical and chemical 
properties. In recent years, the research activities surrounding other layered materials such as 
phosphorene, arsenene, silicene, and germanene have grown rapidly, driven by their intriguing 
properties and potential applications. Monoelements beyond graphene exhibit a distinct advantage as 
non-zero band-gap semiconductors. This property opens up new horizons for electronic and 
optoelectronic device applications, where fine-tuning the band gap is essential. Moreover, the 
properties of 2D materials can be further enhanced and tailored through functionalization, allowing 
for the realization of novel functionalities and improved performance in various applications. 

Despite the significant progress made in the exploration of graphene, the chemistry of materials 
beyond graphene remains relatively unexplored. This uncharted territory holds tremendous potential 
for advancements in a multitude of fields, ranging from electronics to energy storage. However, the 
synthesis of silicene and germanene derivatives presents unique challenges, requiring the application 
of chemical exfoliation methods using Zintl phase compounds such like CaGe2 and CaSi2 with layered 
structure as starting materials. To overcome these challenges, various methods well-known in organic 
chemistry can be applied to synthesize silicene/germanene derivatives, enabling almost complete 
derivatization of the 2D material skeleton.  

This work was supported by ERC-CZ program (project LL2101) from Ministry of Education Youth and 
Sports (MEYS). 
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Two-dimensional (2D) monoelemental materials are on the rise due to their unprecedent physical 
properties such as thickness-dependent electronic band structures, and tunable optoelectronic 
properties [1,2]. In this contest, the 2D form of Tellurium (Tellurene) is emerging as an appealing 
material for various technological applications [3]. Indeed, tellurium is composed of covalently bonded 
atoms arranged in hexagonal chains connected by van der Waals forces that exhibit highly anisotropic 
properties that can be utilized in many applications requiring anisotropic behavior [4]. 

In this work we will pay attention to establishing the growth methodologies to obtain ultra-thin 
tellurium films, down to the monolayer limit, at large-scale (≈ cm2) on two different technological 
platforms, namely conductive substrates such as gold (Au) and dielectric SiO2 on Si (p+) substrates. In 
both cases, the deposition conditions of the growth are guided by simulations, which theoretically 
reproduce the experimental details within finite element methodologies. The structural, chemical, and 
morphological properties of the materials are investigated in detail by means of micro-Raman 
spectroscopy, X-ray photoelectron spectroscopy and atomic force microscopy (AFM).  

On the one hand, taking advantage of the conductive Au substrate, we investigated the electrical 
properties of the ultrathin tellurium films at the local scale using conductive AFM therein revealing a 
resistive switching behavior at relatively low set voltages. On the other hand, to gain a deeper insight 
into the electronic properties of monolayer tellurene flakes deposited on SiO2/Si (p+) substrate, we 
carried out Kelvin-probe AFM measuring the local scale surface Fermi potential of the materials. We 
observed a striking difference between the local potential of the monolayer tellurene flakes and SiO2/ 
Si (p+) substrate.  Our study paves the way to the synthesis of ultra-scaled thin films of tellurium, down 
to the monolayer limit, for integration into nanotechnological devices, in particular in the resistive 
switching field. 

The work is financially supported by the EU Commission under the H2020 ERC-COG grant n. 772261 
“XFab”.  
 
 
[1] C. Grazianetti et al., Materials 14, no. 15: 4170  (2021).  
[2] S. Grillo et al.,  Nanomaterials 12, no. 14: 2503 (2022) 
[3] Z. Shi et al.,  Nano-Micro Letters 12, no. 1: 99 (2020) 
[4] W. Wu et al., Chemical Society Reviews 47, no. 19: 7203 (2018) 
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Two-dimensional layered semiconductors are promising candidates for applications in electronics and 
optoelectronics. For an effective exploitation of their functional properties, it is also important to 
understand their thermal behavior. An important issue is how to measure their heat diffusion 
properties, especially when they are in contact with different materials, such as insulators or metal 
interconnects. In this work we use Raman spectroscopy to investigate how the laser-induced heat 
affects the phonon modes at the interface by comparing the experimental data with a finite element 
simulation of a localized heat diffusion, trying to also tackle the measurement of the interface thermal 
resistance at the nanoscale. The case studies presented are the heat dissipation on Au-supported black 
phosphorus nanosheets and Ag-supported silicene and silicene/stanene stacks.[1,2] 

We acknowledge the Italian National Project Photo (Photonics Terahertz devices based on topological 
materials). 

 
Fig. 1. From left to right: sketch of the4 experiment, optical microscopy of a flake, simulation of the focal field 

and the temperature, adapted from [1]. 
[1]E. Bonera and A. Molle, Nanomaterials 12, 1410 (2022) 
[2] C. Martella, C. Massetti, D. S. Dhungana, E. Bonera, C. Grazianetti, A. Molle, Adv. Mat. (2023), preprint available with DOI 
10.1002/adma.202211419 
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Following graphene discovery, 2D materials attracted rising attention due to their remarkable 

properties. Among them, silicene has been particularly studied as Si is essential in semi-conductor 

industry. Silicene presents an electronic structure very similar to the one of graphene [1], but is more 

sensitive to chemical environment. The possibility of tuning the electronic properties of silicene by 

molecular adsorption associated with the 2D geometry makes it a promising candidate for highly 

sensitive molecular sensors.   

We have recently proven the existence of Dumbbell Silicene (DBSi) obtained by thermal evaporation 

of Si onto Ag(110) at 200°C [2]. It shows a low density of adatoms, on top of Si atoms of the silicene 

layer (Fig. 1b), forming DB units. Adsorption of molecules onto these sites is expected to open a small 

gap in the electronic structure, while preserving the overall silicene band structure [3].  

Using operando STM, we have followed the evolution of DBSi/Ag(110) upon exposure to various 

molecules (O2, triethylamine (TEA), NH3). The adsorption is characterized by the strong interplay 

between physisorption and dissociative chemisorption. While oxygen easily dissociate at room 

temperature, TEA and NH3 have a much lower probability to dissociate. We have followed NH3 

adsorption at various temperatures from 120K to 300K. Our results show that NH3 has only a weak 

tendency to dissociate on DB sites at room temperature, on contrary to what is observed after low 

temperature adsorption, for which a marked preference for adsorption on DB sites is observed (see  

Fig. 1c).   

Our results open interesting perspective for tuning the electronic properties of a silicene layer through 

selective adsorption on DB sites.  

  

  
Fig. 1. a) STM image of the periodic DBSi mono-layer (5x5 nm2) on Ag(110). b) schematic of silver substrate 

(gray) with the silicene layer above and the DBSi (highlighted in red). c) STM images of NH3 adsorbed on 

Dumbbell Silicene at 123K (Height of the DBs ≈ 85pm; height of the NH3 adsorbed on DB ≈ 50pm)  

 
[1] Cahangirov, S. et al., Phys. Rev. Lett. 102, 236804 (2009)   
[2] Leoni, T. et al., J. Phys. Chem. C, 125, 17906–17917 (2021)  
[3] V. O. Özçelik et S. Ciraci, J. Phys. Chem. C , 117, 26305-26315 (2013)  
[4] Mathieu, C. et al. J. Phys. Chem. C 113, 11336–11345 (2009)   
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Ternary carbides, nitrides and carbonitrides that belong to the family of MAX phases not only possess 
a unique set of properties (combining metallic and ceramic characteristics), they are also the precursors 
for their two-dimensional siblings, MXenes. MAX phases are structurally and chemically diverse and 
they encompass more than 150 members, many more solid solutions and a plethora of predicted 
compounds that have not been synthesized yet. They typically crystallize in a hexagonal structure with 
alternating layers of M6X octahedra (M = early-to-mid transition metals, X = C and/or N) and the A-
element (A = main group element or late transition metal). According to the general chemical formula 
Mn+1AXn (n = 1, 2, 3), “211”, “312” and “413” MAX phases possess n (1, 2, 3) M6X layers (2, 3 and 4 M-
layers) between the A-layers, respectively [1].  

A variant of the “211” MAX phase structure (left in Fig. 1) is the highly related “221” structure (right in 
Fig. 1) that crystallizes in the same hexagonal space group, P63/mmc, but features 2 A-element layers 
with the A-element stacked on top of one another, between the octahedral layers of M and X. What is 
very interesting is that only two compounds that adopt this double-A MAX phase structure have been 
synthesized: Mo2Ga2C [2] as a thin film and bulk and Ti2Au2C [3] as a thin film. V2Ga2C [4] has been 
theoretically predicted to be stable, however, has not been synthesized. “221” phases are structurally 
very interesting, but they also serve as a precursor of 2D MXenes. For example, MXene Mo2CTx can 
only be synthesized from “221” Mo2Ga2C (through HF-etching) and not from the “211” MAX phase 
Mo2GaC.  

In this talk, I will focus on the transition between “221” Mo2Ga2C and the fully exfoliated MXene version 
Mo2CTx using Lewis acids as the etchant. Besides the chemistry of these systems and transitions, I will 
discuss the structure of the compounds with varying Ga-content. I will further highlight additional 
“more exotic” MAX phases and MXenes that we investigate in our group, such as P-containing MAX 
phases and “higher” MXenes, such as (Mo/V)5C4Tx. 

Fig. 1. Crystal structure of a 211 MAX phase (left) and a “221 MAX-like” phase (right). Blue: Mo, grey: C, red: Ga 

 
[1] M. W. Barsoum, MAX phases: Properties of Machinable Carbides and Nitrides, Wiley VCH (2013) 
[2] C. Hu, C. C. Lai, Q. Tao, J. Lu, J. Halim, L. Sun, J. Zhang, J. Yang, B. Anasori, J. Wang, Y. Sakka, L. Hultman, P. Eklund, J. Rosen 
and M. W. Barsoum, Chem. Commun., 51, 6560 (2015) 
[3] H. Fashandi, C. C. Lai, M. Dahlqvist, J. Lu, J. Rosen, L. Hultman, G. Greczynski, M. Andersson, A. Lloyd Spetz and P. Eklund, 
Chem. Commun., 53, 9554 (2017) 
[4] A. Thore, M. Dahlqvist, B. Alling and J. Rosen, Phys. Chem. Chem. Phys., 18, 12682 (2016) 
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The Orbital Angular Momentum to shed light onto the
Topology of QuantumMaterials

D. Di Sante1
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Bologna, Italy

domenico.disante@unibo.it

In this talk I will give an overview on the power of dichroic light to unveil properties and topology of
quantum materials. The orbital angular momentum (OAM) of Bloch states is in fact the key quantity
that encodes the information about the quantum-geometrical character in momentum space, such as
the local (spin-)Berry curvature (BC, see Fig. 1). I will bring concrete examples from the realm of
strongly spin-orbit coupled materials [1], topological insulators [2], Weyl semimetals [3], nodal line
systems and Kagome metals [4].

Fig. 1. OAM and Berry curvature calculated on a small sphere around a Weyl node and the corresponding
azimuthal equidistant projections [3].

[1] Ünzelmann et al, Phys. Rev. Lett. 124, 176401 (2020)
[2] Bauernfeind et al, Nat. Commun. 12, 5396 (2021)
[3] Ünzelmann et al, Nat. Commun. 12, 3650 (2021)
[4] Di Sante et al, Nat. Phys. (2023) https://doi.org/10.1038/s41567-023-02053-z
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Efficient manipulation of nanomagnets using spin-orbit torques (SOTs) is critical to the development of 

spintronics for non-volatile memory applications [1]. Thus far, the spin-orbit coupling (SOC) of a material 

has been utilized to produce SOTs, which have been primarily limited to heavy metals (HMs) [1]. However, 

recent predictions of large transverse orbital current generated by the orbital Hall effect (OHE) and the 

orbital Rashba Edelstein effect (OREE) have opened up a new possibility to efficiently control nanomagnets 

without necessarily being constrained by the SOC of the material [2]. Here, we experimentally demonstrate 

large OREE and OHE generated by a broad range of nonmagnets, such as CuOx [3,4], Nb, Ru [5], and 

noncollinear antiferromagnet Mn3NiCuN. We show the key signatures of the transport of orbital Hall 

currents, such as strong ferromagnet dependence and longrange action, which distinctly distinguishes 

orbital-Hall torques from regular SOTs.  

  

Fig. 1. Differences between the orbital-Hall torques and spin Hall torques   

  
[1] B. Dieny, et al.,Nat. Electron. 3, 446 (2020).  

[2] D. Go, et al., Europhysics Lett. 135, 37001 (2021).  

[3] S. Ding, et al., Phys. Rev. Lett. 125, 177201 (2020).  

[4] S. Ding, et al., Phys. Rev. Lett. 128, 067201 (2022). 

[5] A. Bose, et al., Phys. Rev. B 107, 134423 (2023).  
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Quasi-particle excitations in solids described by the Weyl equation have attracted significant attention 
in recent years. Thus far, a wide range of solids that have been experimentally realized as Weyl 
semimetals (WSMs) lack either mirror or inversion symmetry. For the first time, in the absence of both 
mirror and inversion symmetry, SrSi2 has been predicted as a robust WSM by recent theoretical works. 
Herein, supported by first-principles calculations, we present systematic angle-resolved photoemission 
studies of undoped SrSi2 and Ca-doped SrSi2 single crystals. Our results show no evidence of the 
predicted Weyl fermions at the kz = 0 plane or the Fermi arcs on the (001) surface. With external 
pressure, the electronic band structure evolved and induced Weyl fermions in this compound, as 
revealed by first-principle calculations combined with electrical transport property measurements. 
Moreover, a superconducting transition was observed at pressures above 20 GPa. Our investigations 
indicate that the SrSi2 system is a good platform for studying topological transitions and correlations 
with superconductivity. 

 
Fig. 1. (a-b) Photoemission intensity plot along the Γ-X direction and corresponding calculated band structure, 

respectively. (c) Resistivity measurement at pressure of 0.4 GPa demonstrated a semiconductor behavior at 
high temperature. A band gap of 23 meV was obtained. 
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By performing angle-resolved photoemission spectroscopy (ARPES) on the paradigmatic Weyl 
semimetals Ta(As,P) [1,2] we show the spectroscopic manifestation of topological features and Weyl 
physics beyond the simple photointensity over a broad range of excitation energies from the vacuum 
ultraviolet to the soft X-Ray regime and compare the surface to the bulk band structure [3]. Our 
experimental observations were complemented by state-of-the-art first principle photoemission 
calculations based on one-step model of photoemission. The determinant criterion confirms the arc 
character of the spoon features in the constant energy contour close to Fermi level in non-
centrosymmetric TaP. We further show the drawbacks of the existing spectroscopic techniques used to 
determine whether the given material has non-zero Chern number and discuss an improved approach 
for identifying Fermi arcs by means of differential ARPES measurements, their relation to orbital 
angular momentum (OAM) as well as the proper final state description. Consequently, we conclude 
that a more realistic description of the final state is needed to explain dichroism by modeling the 
photoemission matrix element. It immediately follows that the relation between dichroic ARPES and 
OAM in the initial state cannot, unlike other ARPES phenomena [4], be explained within the simplified 
free-electron (FE) final state picture. We also hint a possible combination with new types of linear 
dichroism [5,6] which further separate the intrinsic and extrinsic contributions into the photoemission. 

 

Fig. 1. Linear dichroism (LD) in vacuum ultraviolet regime on TaP. (a) Experimentally measured LD, (b) Calculated 
LD with the time-reversed low-energy electron diffraction final state (b) and FE final state in (c). 

 
[1] M. Ünzelmann et al., Nat Commun 12, 3650 (2021) 
[2] C.-H. Min et al., Phys. Rev. Lett. 122, 116402 (2019) 
[3] J. Schusser et al., Phys. Rev. Lett. 129, 246404 (2022) 
[4] T. Heider et al., Phys. Rev. Lett. 130, 146401 (2023) 
[5] S. Beaulieu et al., Phys. Rev. Lett. 125, 216404 (2020) 
[6] S. Beaulieu et al., npj quantum materials 6, 93 (2021) 

Thu-11:50-O-MS07

356



Geometrical Spin Filtering in Spin-ARPES Maps from WTe2 

 

T. Heider1, G. Bihlmayer2, J. Schusser3,4, Friedrich Reinert4, Jan Minár3, Stefan Blügel2,  

Claus M. Schneider1, and L. Plucinski1 

1 Peter Grünberg Institut (PGI-6), FZ Jülich GmbH, 52428 Jülich, Germany 
2 Peter Grünberg Institut (PGI-1), FZ Jülich and JARA,52428 Jülich, Germany 

3 New Technologies-Research Center, University of West Bohemia, 30614 Pilsen, Czech Republic 
4 Exp. Physik VII and Würzburg-Dresden Cl. of Exc. ct.qmat, Univ. Würzburg, 97070 Würzburg, Germany 

l.plucinski@fz-juelich.de 

We demonstrate that an important quantum material WTe2 exhibits a new type of geometry-induced 
spin-filtering effect in photoemission [1], stemming from low symmetry that is responsible for its exotic 
transport properties. Through the laser-driven spin-polarized angle-resolved photoemission 
(spinARPES) Fermi surface mapping, we showcase highly asymmetric spin textures of electrons 
photoemitted from the surface states of WTe2. Such asymmetries are not present in the initial state 
spin textures, which are bound by the time-reversal and crystal lattice mirror plane symmetries. The 
findings are reproduced qualitatively by theoretical modeling within the one-step model 
photoemission formalism. The effect could be understood within the free-electron final state model as 
an interference due to emission from different atomic sites and is a manifestation of time-reversal 
symmetry breaking by the photoemission process. As such, it cannot be eliminated, but only its 
magnitude influenced, by special experimental geometries.  

WTe2 is a low symmetry material, with polar surfaces typically denoted as a top and a bottom surface 
[2].  Figure 1 (a-d) presents ARPES maps from cleaved WTe2 single crystals taken with p- and s-polarized 
light using cw 6 eV laser. Fig. 1(e-f) shows corresponding spin-ARPES maps taken on two different spots 
on the bottom surface corresponding to two different terrace terminations. Each of the two maps is 
highly asymmetric, unlike the initial state spin texture, Fig. 1(g). The adjacent terraces are connected 
by the 𝑀𝑦 mirror operation (with additional in-plane sliding) which explains the relation between the 
two images. We will discuss a microscopic inter-site interference model, which explains the origin of 
the asymmetric spin-textures, and allows predicting in which cases similar effect will be present. 
Together with another type of inter-orbital interference [3], these phenomena provide a path to 
connect the initial and spin-ARPES spin-textures in an effort to provide experimental input for 
understanding transport properties in novel quantum materials.  

Fig. 1. (a),(b) Spin-integrated laser-ARPES (ℎ𝜈 =6 eV) Fermi surface maps measured with p- and s-polarized light. 

(c-d) Energy dispersions 𝐸(𝑘𝑥) for 𝑘𝑦 = 0 as indicated by dashed lines in (a) and (b). (e-f) Experimental laser-spin-

ARPES 57 × 89 pixel Fermi surface maps taken at two nearby spots on the same cleave using the 
FOCUS Ferrum spin-detector and MBS A-1 spectrometer with scanning lens. (g) DFT-LAPW surface spin texture. 

[1] T. Heider, et al., Phys. Rev. Lett. 130, 146401 (2023), https://doi.org/10.1103/PhysRevLett.130.146401  

[2] F. Y. Bruno, et al., Phys. Rev. B 94, 121112(R) (2016), https://doi.org/10.1103/PhysRevB.94.121112   

[3] K. Yaji et al., Nat. Commun. 8, 14588 (2017), https://doi.org/10.1038/ncomms14588   
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The supervisors of two ARPES beamlines at SOLARIS synchrotron in Poland [1] responsible for their 
maintenance, commissioning, development, and cooperation with scientists will present the research 
possibilities of the PHELIX and URANOS beamlines. Those two beamlines are complementary tools to 
expose the fundamental parameters of electrons: energy, momentum, and spin.  

The first beamline, URANOS, operates at 8-170 eV of the energy range, while the second, PHELIX, 
delivers the light of the energy ranging from 50 to 1500 eV. The spin detector setup at PHELIX already 
exists, while URANOS will soon be equipped with 3D VLEED spin filters and, additionally, with a 6-axis 
manipulator operating at extremely low temperatures. Both beamlines provide the possibility of 
automatic measurements of the multidimensional dispersion relation E(k) with high energy and 
angular resolution, spectrally pure monochromatic photon beam with a wide range of energy and any 
polarization, and offer extensive possibilities of in situ sample preparation.  

The scope of the research offer includes the study of electronic properties of novel materials for 
spintronics using synchrotron light, surface states of chiral, layered, topological, magnetic, and 
quantum well systems, the band structures that could demonstrate the existence of (Kramers-)Weyl, 
Majorana or Dirac fermions and others, which are responsible for the unusual transport and optical 
properties.  

During the presentation, the technical possibilities (present and future) of both beamlines, including 
available research methods and instruments for the preparation and investigation of samples will be 
presented: sample holders, detection methods, measurement temperatures, manipulators 
possibilities, thin films deposition, gas dosing, etc. 

  

Fig. 1. The layout of the URANOS beamline, which is built (from the right) of the Apple II quasiperiodic 
undulator, a system of mirrors transferring the photon beam, two monochromators (with a plane and normal 

geometry), precise exit slits, and an end station with a hemispherical DA30L detector. 

[1] J. Szlachetko et al., The European Physical Journal Plus 138, 10 (2023). 
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Topological materials are promising candidates for future electronics and spintronics as well as of 
great interest for fundamental condensed matter physics. 

In this talk, we discuss epitaxial films of topological materials produced by molecular beam epitaxy in 
form or orientation which is difficult to achieve in bulk. The angular resolved photoemission 
spectroscopy (ARPES) experiments are presented in regards to epitaxial growth, structural 
characterization, transport properties, etc. of the epilayers.  

First, we consider (111) and (001) topological crystalline insulators (TCI) epilayers based on IV–VI 
semiconductors [1]. Band inversion and crystal symmetry protection in TCIs make topological surface 
states (TSS) very sensitive to external perturbations. We show that deposition of transition metals 
(TM) on the surface can drastically change the carrier’s energy spectrum. Further employing spin-
resolved ARPES, we show that helical spin-polarization can exist even in trivial insulator state [2].  

Second, we discuss gray tin (α-Sn) epilayers synthesized on (001) insulating CdTe/GaAs substrates. 
Gray tin is an elemental topological material in which zego-gap semiconductor - Dirac semimetal 
(DSM) – Weyl semimetal (WSM) transition can be realized. We demonstrate how DSM and WSM 
phases are revealed by combined ARPES, magnetotransport measurements and strain 
characterization of obtained samples. 

The work was partially supported by the Foundation for Polish Science through the IRA Programme 
co-financed by EU within SG OP. We thank NSRC SOLARIS for beamtime allocation. 

 

 

Fig. 1. ARPES spectra of a) (111) Pb0.75Sn0.25Se epilayer demonstrating Dirac-Rashba states after transition metal 
deposition and b) (001) α-Sn epilayer showing bulk (BS) and surface (SS2) Dirac-like states . 

 
[1] A. Kazakov, et al., V. Volobuev, T. Dietl, Physical Review B, 103, 245307 (2021).  
[2] B. Turowski, et al., V. Volobuev, Applied Surface Science, 610, 155434 (2023). 
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The surface electronic states of Fe(001) have been experimentally studied using angle-resolved 
photoelectron spectroscopy (ARPES) since the early days of photoemission [1-3]. Fe(001) is considered 
a prototypical transition metal system and moreover, one of the key players in the spintronics research.  

 
In this contribution we will present the high-resolution ARPES results that demonstrate the existence 
of the Fe(001) surface state in the Fe/Au(001) system. The electronic structure of Fe/Au(001) was 

mapped within the entire surface Brillouin zone, to demonstrate for the first time the exact location 
and extent of the surface state. The experimental results will be compared to the results of the 

relativistic slab calculations performed using density functional theory in the generalized gradient 
approximation.  

The samples were prepared in situ in the preparation chamber of the Phelix beamline [4] at the Solaris 

synchrotron in Krakow. Before each measurement, the sample was remanently magnetized. The 
electronic structure was studied for the pristine Fe(001) surface, when the surface state was observed, 

and after adsorption of 3 Langmuir of O2, when it is demonstrated to vanish. Moreover, by collecting 
the photoemission spectra with the photon energy between 60 eV and 160 eV it was shown that the 
surface state is observed only in a narrow photon energy window between 65 and 80 eV.  The 

dispersion of the surface state was found to depend on the magnetization direction. 

These new experimental results contribute to the existing knowledge on the properties of the Fe(001) 
surface states with relevance for the basic research as well as for spintronic effects, such as tunneling 

anisotropic magnetoresistance.   

 
[1] A. M. Turner et al., Phys. Rev. Lett. 48, 348 (1982) 
[2] E. Vescovo et al., Phys. Rev. B 47, 13051 (1993)  
[3] L. Plucinski et al., Phys. Rev. B 80, 184430 (2009) 

[4] M. Szczepanik et al. NIM-B 492, 49 (2021) 
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Recent studies have shown potential applications of topological nodal line semimetals in 
electronics and spintronics due to their unique electronic properties [1]. ZrAs2 is one of the 
examples of nodal line semimetals. We have grown high quality single crystals of ZrAs2 using 
chemical vapor transport method with iodine as a transport agent. We performed low 
temperature electron transport on obtained needle-like single crystals. ZrAs2 exhibits 
extremely large magnetoresistance ~3.5 × 104 % at 5 K and up to 14.5 T. One of the 
intriguing facts is that it shows pronounced Shubnikov de Haas (SdH) oscillations above 9 T as 
shown in Fig. 1 (a).  SdH oscillations are systematically investigated showing existence of two 
bands in fast Fourier transform of SdH oscillations. Quantum oscillation study is not reported 
on the materials of this family yet. To have deep understanding of electronic properties, we 
also investigated Fermi surface of ZrAs2 by ARPES, obtained results are consistent with DFT 
calculations. ARPES results show existence of two prominent pockets contributing to overall 
electronic properties of ZrAs2 (see Fig. 1 (b)).  

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. (a) Shows existence of Shubnikov De Haas (SdH) oscillations at 5 K extracted by subtracting background 
data. (Inset) fast Fourier transform of SdH oscillations showing two peaks indicating presence of two types of 
Fermi pockets (indicated by red and blue arrows) in this material, and (b) 3D Fermi surface with vertical scale 
showing binding energy of ZrAs2 obtained by experimental ARPES studies.  

 
[1] J. Bannies, E. Razzoli, M. Michiardi, H.-H. Kung, I. S. Elfimov, M. Yao, A. Fedorov, J. Fink, C. Jozwiak, A. Bostwick, E. 
Rotenberg, A. Damascelli, and C. Felser, Phys. Rev. B 103, 155144 (2021). 

(a) (b) 

Wed-11:50-O-MS08

363



Circular dichroism in Cr2Ge2Te6 valence bands   
H. Boban1, M. Qahosh1, X. Hou1, M. Szczepanik2, E. P. Jankowska2, T. Sobol2, T. G. 

Saunderson3,4, Y. Mokrousov3,4, M. Kläui3, C. M. Schneider1 and L. Plucinski1  
1Peter Grünberg Institute-6, Forschungszentrum Jülich, Jülich, Germany 2SOLARIS National Synchrotron 

Radiation Centre, Krakow, Poland  
3Peter Grünberg Institute-1, Forschungszentrum Jülich, Jülich, Germany 4Johannes Gutenberg University 

of Mainz, Mainz, Germany  

h.boban@fz-juelich.de  

2D magnetism is an active field of research because of its wide range of potential applications. Most 
studies deal with magneto optical properties, magnetic imaging or magnetic and electrical transport 
[1]. We focus on understanding the underlying mechanism of magnetism through circular dichroic 
angle resolved photoemission (CD-ARPES). CD-ARPES can also be used to understand additional details 
in band structure due to its relation with orbital angular momentum (OAM) through the dipole 
selection rules (∆𝑚𝑙 =±1).  

Cr2Ge2Te6 (CGT) is a ferromagnetic semiconductor with an indirect band gap of 0.4 eV. The bulk Curie 
temperature (TC) is 65 K [2]. CGT contains large Te atoms (Z=52), therefore spin momentum locked 
splittings, Weyl nodes and anticrossings are expected due to the combination of ferromagnetism and 
spin orbit coupling. We performed light polarization dependent, photon energy dependent, and 
temperature dependent ARPES on cleaved bulk samples of CGT. We observed rich photon energy 
dependent CD textures as shown in Fig.1 (a) and (b). We could also see a clear change in intensity below 
and above Cr 3p edge, which is likely related to the combination of matrix element effects and 
perpendicular momentum dispersion. In agreement with [2], we observed CD intensity redistribution 
above and below TC (shown in Figure 1 (b) and (c)), even though we were averaging signals from both 
spin up and spin down domains. These measurements were taken at the PHELIX beamline at SOLARIS 
synchrotron.  

These results can be understood by analyzing the angular part of the transition matrix element, which 
has a light polarization dependence [3], ⟨𝑓|𝑃𝛼𝑞|𝑖⟩ = 𝛿(𝑚𝑠𝑚𝑠′)⟨𝑅𝑛′𝑙′|𝑟|𝑅𝑛𝑙⟩ ∑𝑙,𝑙′,𝑝 𝑒𝛼𝑞⟨𝑙′, 𝑚𝑙′|𝐶𝑝|𝑙, 𝑚𝑙⟩ . The 
circular light, used for the dichroic measurements, couple with the OAM of the bands and only the 
allowed dipole transitions occur. At an intermediate level, one can consider the scattering state for the 
final state [4], while the full description of the process can be done within the one-step model, where 
multiple scattering is considered [5]. It is important to consider the details of experimental geometry, 
such as the sample orientation with respect to the light incident direction, to meaningfully compare 
the experimental results with calculated intensities. Our results can be further used for understanding 
Berry curvature of the bands [6], which enters the quantum transport equation and controls the 
topological properties.   

Fig. 1. CD spectra from cleaved bulk CGT. Special colormap used is shown at the right bottom. Each map is made 
from two spectra measured with LCP and RCP light and CD is calculated as (C+-C-)/(C++C-).  

[1] Q. H. Wang et al., ACS Nano, 16, 6960 (2020), doi: 10.1021/acsnano.1c09150  
[2] M. D. Watson et al., Physical Review B, 101, 205125 (2020), doi: 10.1103/PhysRevB.101.205125  
[3] J. Stöhr, H. C. Siegmann, Magnetism: From Fundamentals to Nanoscale Dynamics (2006), doi: 10.5860/choice.44-4514  
[4] S. Moser, JESRP, 262, 147278 (2023), doi: 10.1016/j.elspec.2022.147278  
[5] J. Braun et al., Physics Reports, 740, 1-34 (2018), doi: 10.1016/j.physrep.2018.02.007  
[6] M. Schüler et al., Science Adv., 6, 2730 (2020), doi: 10.1126/sciadv.aay2730  
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Single-molecule junctions (SMJs), where single-molecule connects to the metal electrode, have 
attracted fundamental interest owing to their unique electric structure. Recent techniques enabled the 
observation of the electron transport through single-π stacked junction, showing the quantum 
interference effects [1]. Though a variety of molecules have been evaluated to demonstrate the control 
of the electron transport of the single-π stacked junction, the experimental evidence for the insight 
into the structure-property relationship is insufficient. Our group has been engaged in the geometrical 
analysis of SMJs using the combined analysis of surface-enhanced Raman scattering (SERS) and 
electron transport measurements [2,3]. In this research, we tackle the geometrical analysis of the 
single-π-stacked dimer of 2-naphthalenethiol (2-NT), which can be regarded as the simple model 
system for π-stacked system. 

We fabricated 2-NT SMJs using the Mechanically controllable break junction (MCBJ) method under 
ambient conditions [4]. The 1 mM ethanol solution of 2-NT was dropped and cast on the gold electrode. 
Disconnection of the gold nanocontact allows the formation of nanogap to connect the 2-NT. Figure 1 
(a) is the two-dimensional (2D) conductance histogram for the disconnecting process of the gold 
nanocontact in the presence of 2-NT. The states originating from 2-NT were observed around 10-3 G0 
(G0: 2e2/h). The geometry of the 2-NT junction was investigated with synchronized measurement of I-
V curves and SERS spectra. At the conductance of 10-3 G0, we obtained a strong SERS signal with 
vibrational peaks which is characteristic of 2-NT (Fig.1. (b)). To analyze the geometry of the 2-NT SMJs, 
we analyzed the correlation between conductance and the vibrational energy of the ring breathing 
mode (νRB) around 1065 cm-1, which is the prominent marker of 2-NT. Figure 1 (c) clearly showed three 
distinct regions, i.e., high conductive (H) around 10-2 G0 and two low conductive (L1, L2) states around 
10-2.5 G0. Following the vibrational analysis, the density-functional theory allows the identification of 
each state L1 state originates from π-π interaction, while H and L2 states originate from gold-π 
interaction through π-orbital (H) and space (L2). Because the vibrational energy of the orb mode was 
reduced by the metal-molecule interaction and π-π interaction, we recognized the L1 and L2 states by 
SERS spectra. We, therefore, distinguished the single-π-stacked dimer from other non-covalent 
bonding states by the SERS and electron transport measurements.  

 
Fig.1. (a) 2D conductance stretch (b) typical I-V curve (top) and SERS spectrum (bottom) for 2-NT SMJs obtained 

at 10-3 G0. (b) 2D histogram regarding vibrational energy of the ring breathing mode and conductance (G). 

[1] R. Frisenda et al., Nat. Chem. 8, 1099 (2016). [2] S. Kaneko, et al., J. Am. Chem. Soc. 138, 1294 (2016), [3] S. Kaneko, et al., 
Chem. Sci. 10, 6261 (2019), [3] K. Homma et al., ACS Appl. Nano Mater. doi/10.1021/acsanm.3c01117 (2023). 
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Kekulé diradical molecules exhibit narrow HOMO-LUMO gaps that trend with singlet-triplet energy 
gaps tendency, giving a twofold relevance of these compounds in the fields of single-molecule 
electronics and spintronics [1]. The former brings the fron�er molecular levels closer to the Fermi 
junc�on level, which would poten�ally enhance the conductance via a resonant tunneling transport 
mechanism. The latest enables the easy popula�on of the lowest-lying energy triplet state from the 
singlet open-shell state, and the magne�c singlet-triplet switching process via an external s�mulus. 
This transi�on between low and high spin states spurs on novel single-molecule spintronic devices. 
Despite the challenges posed by the intrinsic instability, and complexi�es of synthesizing and 
measuring singlet diradicals, we have managed to study the single-molecule conductance of two 
indienofluorene (IF) regioisomers,[2] by means of scanning tunneling break junc�on technique (STM-
BJ) under environmental condi�ons, along with accurate electronic and electronic transport DFT 
calcula�ons.  
Different transport mechanisms have been observed as a func�on of the system’s diradical character. 
Specifically, the indeno[2,1-b] isomer (IFS) promotes an unexpectedly high conductance due to its 
appreciable diradical character, in contrast with the measure it for the indeno[1,2-b] fluorene (IFA) 
isomer, which electronic ground state corresponds to a singlet close-shell structure. Furthermore, 
the lower-lying triplet state predicted a mere 1.10 kcal/mol away from the singlet open-shell state in 
the IFS, provides the opportunity for conductance modula�on via the applica�on of slight thermal or 
magne�c perturba�ons. 

 
 
 

[1] Z. Zeng, et. al., Chem. Soc. Rev., 44, 6578 (2015); X. Hu, et. al., J. Mater, Chem,C, 6, 11232 (2018); P. Murto, et. al., J. Mater. 
Chem. C, 10, 7368 (2022). 
[2] D. T. Chase, et. al., J. Am. Chem. Soc., 134, 10349 (2012); H. Sharma, et. al., Org. Biomol. Chem., 20, 8071 (2022); A. 
Shimizu, et. al., Angew. Chem. Int. Ed., 52, 6076 (2013). 
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The interaction between magnetic impurities and superconductors leads to fascinating physical 

phenomena resulting from the competition between Kondo screening and Cooper pair formation [1]. 

To this end, individual magnetic impurities can form states within the superconducting gap, called Yu-

Shiba-Rusinov (YSR) states [1,2]. YSR states are of great interest because they have the potential to 

realise topological superconductivity. Here we show that such YSR states form in a neutral and stable 

all-organic radical molecule coupled to proximity induced superconducting break-junction electrodes. 

We experimentally study the thermoelectric response [3] of the system at mK temperatures, both in 

the YSR regime and – by applying magnetic fields – in the Kondo regime [4]. Ultimately, we observe a 

two-fold increase of the thermoelectric efficiency which is induced by the YSR states. This study 

highlights the power of thermocurrent measurements as a new spectroscopic tool to study nanoscale 

devices, and reveals new strategies for engineering highly efficient thermoelectric energy conversion 

at cryogenic temperatures.  

[1] K. J. Franke et al., Science 332, 940-944 (2011) 

[2] J. O. Island et al., Phys. Rev. Lett. 118, 117001 (2017) 

[3] P. Gehring et al., Nat. Nanotechnol. 16, 426-430 (2021) 

[4] C. Hsu et al., Phys. Rev. Lett. 128, 147701 (2022) 
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Gold nanoparticles (AuNPs) have been successfully prepared in the presence of two hydrophilic thiols 
in mixture: 3-mercapto-1-propanesulfonate (3MPS) and 2-(diethylamino)ethanethiol (DEA), following 
a single-phase wet chemical reduction method in water, where sodium borohydride is used as the 
reducing agent [1]. AuNPs with a controlled diameter lower than 10 nm and negative surface charge, 
suitable for their use as drug delivery carriers [2] were isolated and allowed to interact with 
methotrexate (MTX) to obtain the AuNPs-MTX nanoconjugate with a molar drug encapsulation 
efficiency optimised and found to be ≥ 70%.  

The stability of the colloids upon interaction with the MTX drug was assessed monitoring the surface 
plasmon resonance (LSPR) band at 520 nm and the hydrodynamic diameter <2RH> = (9 ± 2) nm, with 
Dynamic Light Scattering (DLS) and Small-Angle X-Ray Scattering (SAXS). To gain information on the 
spatial arrangement of MTX drug onto the AuNPs, 1D, 2D Nuclear Magnetic Resonance (NMR), Fourier 
Transform Infrared (FT-IR) spectroscopy, and X-ray Photoelectron Spectroscopy (XPS) experiments were 
compared, evidencing different non-covalent interactions.  

The MTX loading slightly decreased the structural order of the system and increased the distance 
between the AuNPs as studied via solid state Grazing Incidence Small and Wide-Angle X-Ray Scattering 
(GISAXS, GIWAXS). The small size and stability of the AuNPs before and after the interaction with MTX 
was highlighted by microscopy observations with Field Emission Scanning Electron Microscopy (FE-
SEM) and Transmission Electron Microscopy (TEM). The in vitro cytotoxicity of pristine and MTX-loaded 
AuNPs towards two different neuroblastoma cell lines, SJNKP and IMR5 with overexpressed n-Myc was 
studied and compared with free MTX drug. On both cell lines, free AuNPs showed no cytotoxicity 
whereas the nanoconjugate had a more potent effect compared with free MTX. 

 
[1] Venditti I., Cartoni A., Cerra S., Fioravanti R., Salamone T. A., Sciubba, F., Tabocchini M. A., Dini V., Battocchio C., Iucci G., 
Carlini L., Faccini R., Collamati F., Mancini Terracciano C., Solfaroli Camillocci E., Morganti S., Giordano A., Scotognella T., Maccora 
D., Rotili D., Marchese C., Anastasiadou E., Trivedi P., Fratoddi I., Part. Part. Syst. Charact., 39, 2100282, (2022).  
[2] Beik, J.; Khateri, M.; Khosravi, Z.; Kamrava, S. K.; Kooranifar, S.; Ghaznavi, H.; Shakeri-Zadeh, A., Coord. Chem. Rev., 387,  299-
324 (2019). 
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Self-assembled monolayers (SAMs) have been widely used in nanotechnology because of their 
flexibility of functionalization [1,2]. Irradiation using high energy particles is one of the methods used 
to tune the SAM chemistry to fit specific applications. This type of irradiations provides less control 
over specific induced chemical modifications due to the numerous reactions that are competing at 
these energies. On the other hand, irradiations using low-energy electrons (≤ 50 eV) provide a way to 
regulate the type of chemical modifications induced within the films [3,4]. Molecular thin layers in the 
form SAMs of p-terphenylthiol HS-(C6H4)2-C6H5 (TPT) deposited onto gold will be considered as an 
illustrative example. They are organized surface-confined monolayers of aromatic compounds, often 
used to develop sensors [1] and functionalized carbon nanomembranes [5]. The global chemical 
modifications undergone by these layers under electron processing were observed to be strongly 
dependent on the incident energy in the range 1-50 eV, mostly using High Resolution Electron Energy 
Loss Spectroscopy (HREELS) [6]. Special emphasis was put onto their hydrogen contents and on their 
sp2 -hybridized carbon center contents. To tune the electronical properties of the molecular platforms 
at the micron-scale, we have used monochromatic, highly collimated low-energy electrons to write 
microscopic chemical modifications in TPT layers in a Low Energy Electron Microscope (LEEM) [7-8]. 
The chemical modifications induced locally for different irradiation doses and energies lead to the 
design of work function [9] templates in TPT self-assembled monolayers.   

[1] F. Schreiber, J. Phys.: Condens. Matter 16, R881 (2004).   
[2] J.C. Love et al., Chem. Rev. 105, 1103 (2005).   
[3] C. R. Arumainayagam et al., Surf. Sci. Rep. 65, 1 (2010).   
[4] E. Böhler et al., Chem. Soc. Rev. 42 (2013).   
[5] A. Turchanin and A. Gölzhäuser, Prog. Surf. Sci. 87, 108 (2012).   
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The antibacterial properties of cellulose acetate/AgNp ultrafiltration membranes, prepared by the 
phase inversion method [1-3], were correlated with their asymmetric porous structures, with emphasis 
in the features of both the active and porous layers surfaces. The variation of the ratio 
acetone/formamide in the casting solution, as well as the polyvinylpyrrolidone-covered AgNP content, 
resulted in a wide range of porous structures. Studies assessing the antibacterial activity against E. coli 
(cell death and growth inhibition of bacteria in water) were performed on both membrane surfaces 
and in E. coli suspensions, and the results were correlated with the surface chemical composition 
assessed by X-ray photoelectron spectroscopy.  

As expected, the silver-free membranes presented a generalized growth of E. coli, and the membranes 
containing AgNP displayed inhibition patterns, where growth inhibition depends on the accessibility of 
E. coli to the silver. The more permeable membranes (CA30 and CA34 series) have higher silver signal 
detected by XPS. On the other hand, the inhibition action was independent of the membrane porous 
structure when the membrane is deeply immersed in an E. coli inoculated suspension, presenting 
almost complete growth inhibition. The results provided strong evidence of bacterial growth inhibition 
in water contacting CA/Ag membranes, independently of structure, silver content, aggregation degree, 
and distribution of the particles in both dense and porous layers. 
Acknowledgement: Funding by Fundação para a Ciência e Tecnologia. AMF thanks IST for contract 
IST-ID/131/2018. MNdP and MGSL thank the Cyted Network Aquamemtec for financial support. 

 

 
            (a)             (b)     (c) 

Fig. 1. E. coli growth inhibition on the membrane for the suspension test. (a) CA34; (b) CA34Ag0.1, CA34 
membrane with 0.1%wt Ag, and (c) CA34Ag0.4, CA34 membrane with 0.4%wt Ag. 
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[3] AS Figueiredo et al., Membranes 13, 4 (2023) 
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Titanium oxide is a wide-bandgap semiconductor with high electron mobility, which makes it an 
excellent material for solar cells and photocatalytic reactions. The overall efficiency is a key parameter 
in this type of application, and one of the most effective ways of its increase is to maximize the working 
surface area of the active material, which can be done by nanopatterning. One of the most effective, 
scalable, and straightforward methods to synthesize nanopatterned titanium oxide is an 
electrochemical oxidation process called anodization. However, the order of the nanostructures 
obtained by this method is limited by the grain boundaries, which in turn affects the total surface area 
of the active material. To overcome this drawback, we used a combination of nanosphere lithography 
and anodization. The proposed approach allowed to obtain of TiO2 nanotubes with long-range 
hexagonal ordering at large areas, as shown in Fig. 1. 

The photoactivity of the TiO2 nanotubes was studied by fluorescence spectroscopy in the UV-Vis range 
as a function of the patterning period and annealing temperature. The crystal structure of the 
nanotubes was characterized by X-Ray diffraction and Raman spectroscopy and compared to the 
material obtained by classical anodization. The fluorescence spectroscopy measurements revealed that 
the parameters of the patterning process have a strong influence on the photooxidation effect. These 
results indicate that the combination of pre-patterning and anodization provides an excellent tool for 
controlling their photoactivity. 

 

  

Fig. 1. The top view (left) and side view (right) show the surface morphology of anodized titanium oxide pre-
patterned by nanosphere lithography. 
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The detection of toxic gases in the environment, i.e., BTX (benzene, toluene, p-xylene) or H2S is of the 

utmost importance for human health. Solid-state sensors which can adsorb and monitor gas molecules 

on a solid surface of highly sensitive materials are very useful sensing components. Thus, the aim of 

this work is to design a new nanohybrid system by direct conjugation of titania nanoparticles with a 

size of 40 nm, with in situ prepared silver nanoparticles (TiO2NPs-AgNPs) as solid-state sensor for the 

adsorption of toxic gases. For this conjugation process, the first step is related to the surface 

functionalisation of TiO2NPs, using the covalent linker 3(mercaptopropyl)trimethoxysilane (MPTMS). It 

is noteworthy that MPTMS is a bifunctional alkoxysilane linker that provides terminal -SH groups 

suitable for attaching Ag surface. After quantification of the amount of free -SH groups on the surface 

of TiO2NPs, using a rhodamine-based dye, Ag+ precursor was allowed to react with sodium borohydride 

as reducing agent, in the presence of the functionalized TiO2NPs and hydrophilic thiol 3MPS (3-

mercapto-1-propanesulfonate). With this approach, hydrophilic TiO2NPs-AgNPs were prepared with 

different content of AgNPs decorating TiO2NPs surface. Extensive characterizations, including UV-Vis, 

ATR, XPS, ICP-OES, FESEM-EDX, DLS and ζ-potential were used to characterize the assynthesized hybrids 

in terms of optical and structural features, stability, size, morphology and chemical composition. These 

results demonstrated the successful silanization of TiO2NPs and subsequent in situ AgNPs3MPS 

decoration. In addition, nanohybrid samples were deposited as thin films on interdigitated electrodes 

to investigate their resistive response against H2S and relative humidity at room temperature. A tuning 

of the resistive response was found by varying the Ag content, with photoactivated process. A 

reversible response was found with good sensitivity to H2S content, in the range 0-40 ppm.   
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Understanding nanoscale energy dissipation is nowadays among few priorities particularly in quantum 
systems. While traditional Joule dissipation omnipresent in today’s electronic devices is well 
understood, the energy loss of the strongly interacting electron systems remains largely unexplored. 
Twisted bilayer graphene (tBLG) is a host of interaction-driven correlated insulating phases, when the 
relative rotation is close to the magic angle (1.08o) [1]. Here, we report on low temperature (5K) 
nanomechanical energy dissipation of tBLG measured by sharp tip of the pendulum atomic force 
microscope (pAFM). Ultrasensitive cantilever tip acting as an oscillating gate over the quantum device 
shows dissipation peaks attributed to different fractional filling of the flat energy bands. While 
conventional transport methods provide quantitative information on correlated insulating states in 
tBLG, they lack spacial resolution. pAFM, on the other hand, provides exquisite spatial resolution and 
thus allows to determine the twist angle distribution of tBLG. It does it without literally touching the 
sample surface and the tBLG correlated phases are all accessed through the cantilever dynamics 
without involving any electrical current detection. Application of magnetic fields provoked strong 
oscillations of the dissipation signal at 3/4 band filling, which we identified as familiar to 
AharonovBohm oscillations arising from wavefunction interference present between domains of 
different doping. The work demonstrates that nano-mechanical energy dissipation provides a rich 
source of information on the dissipative nature of the correlated electronic system of tBLG, with 
implications for coupling a mechanical oscillator to the quantum devices. 

[1] Y. Cao, V. Fatemi, K. Watanabe, T. Tanaguchi, E. Kaxiras, and P. Jarillo-Herrero, Nature 556, 43 (2018) 
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The photoemission orbital tomography (POT) technique, a variant of angle-resolved photoemission 
spectroscopy, has been very useful in the characterization of the electronic properties of molecular 
films. It is a combined experimental and theoretical approach that is based on the interpretation of the 
photoelectron angular distribution in terms of a one-electron initial state. This includes the 
unambiguous assignment of emissions to specific molecular orbitals, their reconstruction to real space 
orbitals in two and three dimensions, the deconvolution of complex spectra into individual orbital 
contributions beyond the limits of energy resolution, the extraction of detailed geometric information 
such as molecular orientations, twists and bends, the precise description of the charge balance and 
transfer at interface, the detection of momentum-selective hybridization with the substrate, and the 
tracing of orbital images on ultrafast time scales, to name only a few examples. In its simplest form, 
POT relies on the plane-wave approximation for the final state. While this works surprisingly well in 
many cases, this approximation does have its limitations, most notably for small molecules and with 
respect to the photon-energy dependence of the photoemission intensity. Regarding the latter, a 
straightforward extension of the plane wave final state leads to a muchimproved description while 
preserving the simple and intuitive connection between the photoelectron distribution and the initial 
state.  
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One of the key milestones in advancing the performance of molecular electronic and photonic devices 
is to gain a comprehensive understanding of the electronic properties and rich excited state dynamics 
of this class of materials. In this context, momentum-resolved photoemission in combination with 
photoemission orbital tomography (POT) has been established as a powerful tool to study the band 
structure of molecular films and to reveal the degree of localization of molecular valence orbitals by 
their characteristic emission pattern in momentum space.  

In this contribution, we exploit these capabilities of POT to study the valence and excited states of 
fullerenes grown on noble metal surfaces. For the most prototypical fullerene, the buckyball C60, we 
will show that the valence states show signatures of an atomic crystal-like band structure with 
delocalized π- and localized σ-orbitals [1]. The situation is significantly different for thin films of larger 
fullerenes such as C84 or of the endohedral fullerene Sc3N@C80, where the valence states are strongly 
localized on the carbon cage of the molecules.  

In addition, we provide a first insight into the momentum space signatures of the excited state 
dynamics of C60 and other fullerenes obtained by time-resolved two-photon momentum microscopy 
[2]. For an optical excitation with 3.1eV photons, we are able to identify characteristic emission 
patterns even in the small momentum space range accessible our experiment. These signatures are 
discussed in the context of the recently proposed charge transfer and Frenkel exciton character of these 
states [3,4]. 

 

Fig. 1. Schematic sketch of the tr-2-photon momentum microscopy experiment for excited state spectroscopy. 

 
[1] N. Haag et al., Phys. Rev. B 101, 165422 (2020) 
[2] F. Haag et al., Rev. Sci. Instrum. 90, 103104 (2019) 
[3] B. Stadtmüller et al., Nat. Commun. 10, 1470 (2019) 
[4] S. Emmerich et al., J. Electron. Spectros. Relat. Phenomena 252, 147110 (2021) 
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Organic semiconductors are promising materials for the fabrication of next-generation organic-based 
electronic devices. In particular, PTCDA molecules are interesting for thin film development due to their 
rectangular shape and hydrogen bonding. Moreover, the electron properties of the organic thin film 
can be tuned by alkali metal doping. Here, we study the influence of Cs doping on the structural and 
electronic properties of the model system PTCDA/Ag(111). Using momentum microscopy and applying 
the framework of photoemission orbital tomography, we can simultaneously access changes in 
occupation of the molecular orbitals and determine modifications of the azimuthal orientation of the 
PTCDA molecules upon Cs doping. We can identify two structural Cs-PTCDA phases depending on the 
Cs concentration with either 0.5 or 2 Cs atoms per PTCDA molecule. With increasing Cs concentration, 
we observe a gradual structural reorientation of the molecules that is accompanied by a modification 
of the population of the molecular states (see constant energy maps in Fig. 1). The intensity maxima in 
momentum space of the lowest unoccupied molecular orbital (LUMO) and the highest occupied 
molecular orbital (HOMO) level indicate that the PTCDA molecules are aligned by 0° and 90° with 
respect to the [-101] direction of Ag(111) in the case of 0.5 Cs per molecule, while they are all rotated 
by 90° in the case of 2 Cs per molecule. Our structural findings for Cs-PTCDA are different from the case 
of bare PTCDA on Ag(111). The structural reorientation of the PTCDA molecules can be attributed to 
the electrostatic interactions between the partially ionized Cs atoms and the negatively polarized 
oxygen end groups of PTCDA. 

 

expt. fit expt. fit 

Cs0.5PTCDA Cs2PTCDA 

(a) (b) 

Fig. 1: Constant energy maps of the LUMO for the Cs0.5PTCDA (a) and Cs2PTCDA phase (b). The left parts of 
the images show the experimental data while the right parts depict our model simulations that are based 
on density functional theory and photoemission orbital tomography. 
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Charge transfer processes through ultrathin, supported oxide films have received increasing attention 
in recent years because of the possibility to control the charge state of adsorbates or the direction of 
catalytic reactions. The main driving force for the occurrence of charge transfer in these systems is the 
reduction of the substrate work function induced by deposition of the oxide film in combination with 
an adsorbate of relatively high electron affinity. While previous studies have focused on the charging 
of metal atoms (e.g. Au) or small molecules (e.g. O2, NO2), we have recently extended these 
investigations to charge transfer processes into organic molecules. In this contribution, we present 
results on the adsorption and charging of model organic semiconductors (e.g. pentacene (5A), 2H-
tetraphenylporphyrin (2H-TPP) and others) on ultrathin MgO(001) films supported on Ag(001). By 
combing scanning tunneling microscopy and photoemission spectroscopy and tomography, we identify 
and quantify charge transfer into the organic monolayer film. In addition, we show that by tuning the 
work function and/or the MgO thickness it is possible to control: the ratio of charged and neutral 
species, the number of electrons transferred and, concomitantly, the conformation of the adsorbates. 
In the case of 2H-TPP, charge transfer also appears to strongly influence the self-metalation of 2H-TPP 
to Mg-TPP. Thus, our investigations lay the basis for the ultimate control of charge transfer, and the 
related chemistry, on ultrathin oxide film systems [1-5]. 
 
[1] L. Egger, M. Hollerer, C. Kern, H. Herrmann, P. Hurdax, A. Haags, X. Yang, A. Gottwald, M. Richter, S. Soubatch, F. S. Tautz, G. 
Koller, P. Puschnig, M. G. Ramsey, M. Sterrer, Angew. Chem. Int. Ed., 60, 5078 (2021). 
[2] P. Hurdax, M. Hollerer, L. Egger, G. Koller, X. Yang, A. Haags, S. Soubatch, F. S. Tautz, M. Richter, A. Gottwald, P. Puschnig, M. 
Sterrer, M. G. Ramsey, Beilstein J. Nanotechnol., 11, 1492 (2020). 
[3] P. Hurdax, M. Hollerer, P. Puschnig, D. Lüftner, L. Egger, M. G. Ramsey, M. Sterrer, Adv. Mater. Interfaces, 7, 200592 (2020). 
[4] P. Hurdax, C. S. Kern, T. G. Boné, A. Haags, M. Hollerer, L. Egger, X. Yang, H. Kirschner, A. Gottwald, M. Richter, F. C. Bocquet, 
S. Soubatch, G. Koller, F. S. Tautz, M. Sterrer, P. Puschnig, M. G. Ramsey, ACS Nano, 16, 17435 (2022). 
[5] F. Presel, C. S. Kern, T. G. Boné, F. Schwarz, P. Puschnig, M. G. Ramsey, M. Sterrer, Phys. Chem. Chem. Phys., 24, 28540 (2022). 
 

Mon-11:50-O-MS11

383



Photoemission orbital tomography of excitons in organic 
semiconductors 

 
W. Bennecke, A. Windischbacher, D. Schmitt, J. P. Bange, R. Hemm, C. S. Kern, G. D`Avino, 

X. Blase, D. Steil, S. Steil, M. Aeschlimann, B. Stadtmueller, M. Reutzel, P. Puschnig, G. S. M. 
Jansen, and S. Mathias 

 
I. Physical Institute, University of Göttingen, Germany 

 

Excitons are realizations of a correlated many-particle wave function, specifically consisting of electrons 
and holes in an entangled state. Excitons occur widely in semiconductors and are dominant excitations 
in semiconducting organic and low-dimensional quantum materials. To efficiently harness the strong 
optical response and high tuneability of excitons in optoelectronics and energy-transformation 
processes, access to the full wavefunction of the entangled state is critical, but has so far been limited. 

In our work [1], we show how time-resolved photoemission momentum microscopy can be used to 
gain access to the entangled wavefunction and to unravel the exciton's multiorbital electron and hole 
contributions. For the prototypical organic semiconductor buckminsterfullerene C60, we exemplify the 
capabilities of exciton tomography and achieve unprecedented access to key properties of the 
entangled exciton state including localization, charge-transfer character, and ultrafast exciton 
formation and relaxation dynamics. 

First, we shed light on the multiorbital contributions of excitons in C60. Depending on the excitation 
energy and material properties, the exciton components may be spread over multiple energetically 
distinct molecular orbitals, and we demonstrate how the unique sensitivity of photoemission orbital 
tomography can be employed to probe the multiorbital nature of the hole component.  

Second, we analyze the momentum distribution observed in photoemission orbital tomography in 
order to characterize the spatial properties of the exciton. This provides access to the exciton’s 
localization, charge separation and inter-molecular charge transfer. For C60 specifically, we find that only 
the optically-active exciton at about 2.8 eV is of charge-transfer nature, while the lower-lying excitons 
are of Frenkel nature.  

 

Fig. 1. The optical response of many semiconducting materials is described by the excitation of excitons. a) In 

the exciton picture, each excited state is described by an exciton energy , which (for bright excitons) can be 
measured by optical spectroscopy. b) At the orbital level, however, each exciton is built up by an entangled sum 

of electron-hole pairs. In this description, the sum of orbital contributions provides complete access to the 
spatial properties of the exciton. c) Photoemission exciton tomography can be used to disentangle the multiple 

orbital contributions to the exciton. 

 
[1] W. Bennecke, A. Windischbacher, D. Schmitt, J. P. Bange, R. Hemm, C. S. Kern, G. D`Avino, X. Blase, D. Steil, S. Steil, M. 
Aeschlimann, B. Stadtmueller, M. Reutzel, P. Puschnig, G. S. M. Jansen, S. Mathias, arXiv:2303.13904 (2023) 
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The rapid utilization of fossil fuels escorted by an excess of CO2 emissions has led to global energy and 

environmental crisis. Economically viable CO2 reduction would be a critical turnover in research, as it 

has the potential to fulfil a substantial need for clean energy.  Herein, we provide the experimental 

proof for enhancement of the CO2 reduction efficiency and selectivity from the SEI (semiconductor-

electrolyte interface) side through the use of carbonates, borates, and alkali cations as the electrolyte 

as well as an overview of the latest developments on Cu2O based PEC CO2 reduction for solar fuel 

production. Cu2O is a low- cost semiconductor and one of the most promising candidates for PEC CO2 

RR. We propose a very facile electrodeposition method, which offers a high level of reproducibility and 

the possibility of using a new electrode in each experiment in order to follow the phenomena occurring 

in the double layer during the photocatalytic run. In this way, we could correlate the final CO 2 RR 

performance with a reorganization of the cations and anions near the photocatalyst surface. It is shown 

in literature that that factors such as: carbonate concentration, local pH, the presence of alkali metal 

cations, the geometry of the anionic group, CO 2 solubility, conductivity as well as pH changes along 

with the number of H + in the electrolyte, play a significant role in regulating  the partial CO 2 RR 

current. Additionally, the specific interaction between the alkali cation and geometry of the anionic 

group contributes to the formation of a kind of a “rigid layer” within the double diffusion, close to the 

photocatalyst surface layer, which accounts more for an apparent CO 2 RR current than the decrease 

in the finite Warburg element, which is a central key parameter for the diffusion coefficient values.  This 

mechanism might provide useful information for creating further experimental design and the new 

pathways for addressing highly efficient PEC systems.   
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In this work, we present the studies of hybrid CuO-Fe2O3 nanoparticles,  which can be used to convert 
the visible light to chemical energy without external bias [1]. The materials have been selected due to 
their peculiar electronic properties e.g. the values of optical band gap in the visible light range and type 
of conductivity - 1.58 eV for CuO (p-type) and 2.15 eV for Fe2O3 (n-type). Such materials absorb light in 
visible range. The structure of the junction is responsible for the electric field formation, which 
effectively limits charge transfer recombination. Subsequently, those carriers can be involved in the 
chemical reactions: oxidation of water on the copper oxide side or reduction of oxygen or iron on the 
iron oxide side.  

The morphology and the crystal phase of nanoparticles were studied using Transmission Electron 
Microscopy, X-ray Absorption using synchrotron radiation; the optical band gaps were determined from 
the reflectance measurements using Kubelka-Munk model, the position of the flat band potential was 
based on the Mott-Schottky dependence. 

 

 Fig. 1. A) Tauc’s plots B) and Mott-Schottky plots for i) CuO and ii) Fe2O3 

 
[1] Ying Gao, Nan Zhang, Chunru Wang, Feng Zhao, and Ying Yu, ACS Appl. Energy Mater., 3, 1, 666–674, (2020) 
https://doi.org/10.1021/acsaem.9b01866 
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Nanogap plasmonic structures for biosensing applications   
  

A. Szymańska, M. Jakubowska, P. Wróbel  
  

1 Faculty of Physics, University of Warsaw, Pasteura 5, 02-093 Warsaw, Poland  

  
a.szymanska40@uw.edu.pl  

Plasmonic structures containing a few nanometers wide gaps allow for extreme light trapping and 
enhancement at the nanometric scale due to the excitation of localized surface plasmons. These highly 
confined modes exhibit extraordinary sensitivity to environmental refractive index changes that might 
be caused for instance by the adsorption of biological molecules at the nanostructured metal surface.  
All of the above indicate that the nanogap plasmonic structures may be an ideal platform for the  next-
generation biosensors [1-2].   

The main motivation of our work is to design, fabricate and apply new types of plasmonic 
nanostructures. In our view, those should allow us to conduct fundamental research but at the same 
time should be user-friendly to facilitate real-life applications. In this study, we present a simple method 
of fabricating randomly distributed plasmonic nanoobjects in a variety of geometries covering a few 
cm2 surface. A novel fabrication method based on nanosphere lithography was used to create 
nonperiodic arrays of nanoobjects containing gaps such as discs and core-shell nanoparticles (Fig. 1). 
Their optical response can be tuned in the broad spectral range from UV to NIR thanks to an exceptional 
resolution of tuning the gap size reaching single nanometers.  

The sensing properties of the chosen nanostructures were investigated theoretically and 
experimentally. Using the finite-difference time-domain method the electromagnetic field 
enhancement, resonance position, and bulk sensitivity are examined as a function of the geometrical 
and material parameters of the investigated system. The fabricated structures are characterized by 
means of scanning electron microscopy, spectrophotometry, and ellipsometry. The sensing capabilities 
of the nanostructures are confirmed in the experiment with the use of sugar solution of different 
concentrations.  

Acknowledgement:  the authors acknowledge support from the Excellence Initiative Research 
University program, via Project IDUB-2004310.  

 

  
Fig. 1. The absorbance of the random arrays of nanogap plasmonic disks (left) and core-shell-gap nanoparticles 

(right) fabricated by nanosphere lithography (inset). Bottom panel: FDTD-calculated electromagnetic field 
distribution at the nanostructure corresponding to the subsequent resonances. 

[1] B. Špačková, P. Wrobel, M. Bockova, & J. Homola, Proc. IEEE 104, 2380–2408 (2016).  
[2] J.J. Baumberg, J. Aizpurua, M.H. Mikkelsen & D.R. Smith, Nature Materials, 18(7): p. 668-678 (2019).   
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Carrier density modulation and ionic effects in electrically 
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Indium tin oxide (ITO) has been recently rediscovered as a promising material for advanced optical 
devices. The latest research has shown that this long-known transparent conductive oxide (TCO), 
exhibits exceptional physical properties that can provide a basis for constructing energy-efficient and 
ultrafast systems with tunable optical responses [1, 2]. 

In this work, we report on the experimental realization of an electro-optical, cavity-based modulator 
with ITO serving as an active material. The device has been fabricated solely using the e-beam physical 
vapor deposition technique. It has the form of a multilayer stack consisting of silver, silicon dioxide, 
and ITO layers, with an overall thickness of less than 1 μm. The structure is capable of direct electro-
optical modulation without the need for integration with waveguide systems. Furthermore, it has a 
large active area of 4 mm2, which makes it suitable for free-space operating.  

Our spectroscopic ellipsometry measurements in UV/VIS/NIR range have delivered evidence that 
depending on the bias polarity, the accumulation or depletion layer formation occurs near ITO/SiO2 
interface. We show that the associated change in refractive index for 1550 nm wavelength can be as 
high as 0.75 for an applied voltage as low as 2 V. We also show that there is a voltage threshold above 
which the structure's relative reflectivity changes drastically by 25%. We believe that the effect is due 
to the formation of conductive channel in the SiO2 layer through which silver ions can migrate 
(Fig. 1) [3]. 

 
Fig. 1 a) Schematic of a MOS device geometry and operating principle. When the positive bias is applied to the 
bottom Ag electrode, an accumulation layer is formed on the ITO-SiO2 interface. Whereas with a negative bias, 
the depletion layer is formed. The positive voltage can also procure the formation of a conductive channel inside 
the dielectric. b) Electrically induced changes in the multilayer's optical parameters, expressed in terms of Ψ 
value. The points are arranged in the order of the measurements taken and each point corresponds to a different 
voltage applied.  

 
[1] Feigenbaum, E., Atwater, H. A. et al., Nano Letters 10, 2111 (2010) 
[2] Sorger, V. J., et al., Nanophotonics 1, 17 (2012) 
[3] Lee, J., Lu, W. D. Advanced Materials 30, 1702770 (2017) 
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Optical response of finite hyperbolic metamaterials  
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Metamaterials present new possibilities in the world of science, as they exhibit properties unseen in 
nature, such as negative refraction of light. They are artificially structured materials, which can be 
designed to control light. Hyperbolic metamaterials (HMMs) are a special case of metamaterials. 
Thanks to their unique properties (stemming from a hyperbolic dispersion curve), they can find 
application in subwavelength imaging, photovoltaics or biosensing.  

Here, our aim is to study the optical response of finite HMMs in the form of nanodisks consisting of 
metal – dielectric layers. In order to calculate scattering and absorption cross sections of single 
hyperbolic nanodisks the Finite-Difference Time Domain (FDTD) method was applied. Hyperbolic 
nanodisks enable control of light in the visible/near-infrared spectral range owing to their nontrivial, 
rich modal spectrum. Their optical response consists of a dominant scattering mode, which is a 
radiative mode characterized by a strong, mostly pure electric dipolar mode, as well as an absorptive 
mode stemming from an induced coupled magnetic dipole – electric quadrupole (non-radiative mode). 
By modifying geometric parameters of the structure, such as the disk’s radius and height or thicknesses 
of the metal and dielectric layers, we can control the spectral position, width and intensity of the peaks. 
In particular, it is possible to spectrally separate scattering and absorption peaks. In our work, we strive 
to explain the mechanism of induced resonances and find an optimal structure for further applications, 
such as refractometric sensing. Thanks to the fact, that both scattering and absorption modes of 
hyperbolic nanodisks are sensitive to the change of the refractive index of surrounding medium, HMMs 
are potential candidates for bulk refractometric sensors (sensitivity is defined here as the spectral 
position shift of the absorption/scattering peak divided by the change of bulk refractive index that 
caused such shift).  
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Atomic-resolution imaging at mineral-water interfaces 
 

Angelika Kühnle1 
 

1 Physical Chemistry I, Bielefeld University, Universitätsstraße 25, 33615 Bielefeld, Germany 
 

kuehnle@uni-bielefeld.de 

 

Mineral-water  interfaces  are ubiquitous both  in nature  and  technology.  This  is why mineral-water 
interfaces are decisive  in many fields,  including, e.g., biomineralization,  ice nucleation, catalysis and 
sensing, to name but a few. Understanding the interaction of minerals with their surroundings requires 
the knowledge of the interfacial structure at the atomic level. Such an atomic-level information can be 
gained by three-dimensional atomic force microscopy, which provides real-space structural information 
of the mineral surface and the interfacial hydration structure. 

In this talk, silver iodide (AgI) will be discussed as a prototypical ice nucleating mineral. The high ice 
nucleating ability of AgI is typically explained by the close lattice match of the silver iodide cleavage 
plane and the basal plane of ice Ih. However, the relevant AgI surfaces are polar, i.e., thermodynamically 
instable. This fact implies the existence of a stabilization mechanism, which is, however, unknown at 
present. Possible stabilization mechanisms for polar surfaces include (i) surface reconstruction, (ii) ion 
adsorption and (iii) internal charge transfer. Our atomic-resolution images of the AgI-water interface 
closely  resemble  the bulk-truncated geometry,  regardless of  the  termination. These measurements 
thus reveal no indication for a reconstruction of the AgI cleavage planes at the atomic scale. The same 
is  true  upon  cleavage  in  ethanol,  which  greatly  reduces  the  possibility  for  ion  adsorption  as  an 
explanation for the stability. Therefore, another stabilization mechanism seems to be at play, which 
might be  linked  to  the  larger-scale  facetted  structure  seen  in  the  images. Unravelling  the  relevant 
stabilization mechanism is a prerequisite for understanding the ice nucleation ability of AgI. 

 

 

Fig. 1. Atomically resolved AFM images of the -AgI (0001) cleavage planes. a) Cleavage of silver iodide crystals, 
resulting in an upper and a lower cleavage plane. Atomic resolution on the b) upper and c) lower cleavage 

plane, one of which is terminated by silver, the other by iodide ions. 

 
[1] F. Sabath, C. Aleff, A. Latus, R. Bechstein and A. Kühnle, Adv. Mater. Int., 9, 2201065 (2022) 
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Water and hydroxides at interfaces – similar and different  
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Intact and dissociated water, i.e. H2O and OH‒, on metal oxide and mineral surfaces are found in a far 
larger variety of –often strained– structural motifs than what is observed in bulk hydrates and 
hydroxides crystals. For the bulk crystals, robust structure–vibrational frequency relations have been 
established in the literature, but for surface systems, almost none exist. Using theoretical 
calculations, we have examined surface-adsorbed H2O and OH‒ groups to search for descriptors 
(features) that manage to express ‒ or predict ‒ the vibrational frequency of the OH surface species; 
cf. Fig. 1. Intact and dissociated water molecules can demonstate quite different correlation curves, 
which can in fact be an aid when correlation curves are used to decipher experimental spectra. 

Furthermore, starting from a machine-learning geometrical descriptor, we have examined how the 
frequency prediction power (and "insight content") vary when more physics/chemistry flavor is 
gradually included (Fig. 2).  

I will also discuss some results from thick water films ("solid-liquid interfaces") such as why ceria with 
a lot of water "on top" can be hydrophobic while the direct ceria-water interaction is in fact 
hydrophilic [3]. 

 
 
 
 
 
 
 
 
 
 

Fig. 1. 'OH frequency-structure' correlations at a water-ceria(111) interface from periodic DFT calculations 
folllowed by quantum-vibrational calculations (cf. Ref. [1]). Coverages from 0.25 ML up to ≈2 ML are included. 

 
 
 
 
 
 
 
 
 
 
Fig. 2. Progression of our descriptors in terms of the “amount” of physics coded into them and their respective 
level of insight. The scatter plots show their capability of predicting vibrational frequencies (cf. Ref. [2]) 
 
 
[1] A. Röckert, J. Kullgren, K. Hermansson,  J. Chem. Theory Comput, 18, 7683 (2022).  
[2] J. Kullgren, A. Röckert, K. Hermansson, J Phys. Chem. C, Accepted 12 April (2023). 
[3] L Agosta, D Arismendi, M.Dzugutov, K Hermansson, Angewandte Chemie Int. Ed. (Comm) 3 April (2023). 
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Clouds play an important role for the earth’s climate. Their physical properties are determined, among 
other things, by ice particles in the clouds. The formation of ice takes place in absence (homogeneous 
nucleation) and presence (heterogeneous nucleation) of ice nucleating particles (INP). An example for 
INPs are potassium-rich feldspars (K-feldspars), which start nucleating ice at -18 °C. 
 
Unlike other INPs, such as silver iodide, the natural cleavage planes (001) and (010) of K-feldspars have 
no ice-like structure. Several other reasons (e. g., initialization of ice-like structures above the first water 
layer, surface hydroxyl groups and topographical defects) are discussed in the literature with respect to 
the effective ice nucleation of K-feldspars. In a recent work, the (100) plane of K-rich feldspar, which 
could be exposed in cracks, has been discussed as possible origin for the high ice nucleating efficiency. 
This has been explained by its structural similarity with the secondary prism plane of ice Ih [1].  
 
The interface between K-feldspars and water is of great interest to understand the mechanism of ice 
nucleation. Therefore, we investigate the water structure at the interface of two different K-feldspars 
(orthoclase (001) and (010) and microcline (001)), using two- and three-dimensional atomic force 
microscopy. These two K-feldspars differ in their crystallographic structure. Our high-resolution two-
dimensional AFM images reveal patterns that can be assigned to atomic structure of the underlying 
feldspar surfaces. In our three-dimensional AFM experiments, we observe periodic structures normal 
to the surface in a range between 6 and 7 Å, that originate from the hydration layers at the interface. 
These insights into the water-feldspar interface can serve as a benchmark for theoretical studies and 
will contribute to unravelling the high ice nucleating efficiency of K feldspars. 
 
[1] A. Kiselev, F. Bachmann, P. Pedevilla, S. J. Cox, A. Michaelides, D. Gerthsen, and T. Leisner, Science, 6323, 367-371 (2017) 
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The interaction between water and mineral surfaces is of broad importance from the planetary down 
to the atomic level. The mineral calcite, the most stable polymorph of calcium carbonate (CaCO3), is in 
this context of key relevance due to its involvement in many natural and biological processes [1].  

Very recently, the calcite(104) surface, the most stable cleavage plane that supports virtually all 
reactions, has been investigated by high-resolution non-contact atomic force microscopy (NC-AFM) and 
density functional theory (DFT) [2]. It was established that the pristine surface is (2×1) reconstructed, 
belongs to the planar space group pg, and that the reconstruction generates two adsorption sites for 
carbon monoxide molecules.  

Here, we introduce the structure of the (2×1) reconstructed surface [2] and revisit the adsorption of 
water on calcite(104) in light of the (2×1) reconstruction by NC-AFM experiments combined with DFT 
calculations. We find that water exclusively occupies only one half of each (2×1) unit cell up to a 
coverage of 0.5 ML and at a temperature of 140 K (see Fig. 1a) [3]. This finding can be explained by a 
difference in the adsorption energy at the two different adsorption sites within the (2×1) unit cell 
(optimum adsorption geometry of a single water molecule is shown in Fig. 1b). The optimum 
adsorption geometry is confirmed [4] by high-resolution NC-AFM data acquired at 5K with CO-
functionalised tips (see Fig. 1c). In contrast, a (1×1) structure is observed at coverage of a full 
monolayer [3]. The transition between these structures is explained by water-induced lifting of the 
(2×1) surface reconstruction and unravels an unexpected mechanism that influences molecular 
adsorption on this important mineral surface.  

 

Fig. 1. (a) Water/calcite(104) (coverage of 0.26 ML) imaged at 140K [3]. (b) Optimum DFT geometry for a single 
water molecule adsorbed on the calcite(104)-(2×1) reconstructed surface [3]. (c) High-resolution imaging of 

single water molecules on calcite(104)-(2×1) with a CO-functionalised tip at 5K [4].  

 
[1] G.E. Brown and G. Calas, Geochem. Persp. 1, 483 (2012) 
[2] J. Heggemann et al., J. Phys. Chem. Lett. 14, 1983 (2023) 
[3] J. Heggemann et al., submitted (2023) 
[4] J. Heggemann et al., in preparation (2023) 
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Ice nucleation plays a fundamental role in the formation of mixed-phase and ice clouds and, thus, the 
understanding of ice nucleation is essential for the development of more reliable climate models. Most 
ice nucleation in the atmosphere is heterogeneous caused by ice nucleating particles such as mineral 
dusts or organic aerosols. In this regard, feldspar minerals have gained great interest recently as they 
are found to be one of the most important ice nuclei under mixed-phase cloud conditions. The 
mechanism by which feldspar minerals facilitate ice nucleation, however, remains elusive. Here, we 
present atomic force microscopies of K-rich feldspar (001) mineral surfaces cleaved and analyzed in 
ultrahigh vacuum. On the nanometer scale, we find that our feldspar samples exhibit a rich 
microstructure with a high density of step edges and other surface features. On the atomic scale, we 
observe several different contrasts, which can be grouped in two classes. The first class shows a regular 
array of spherical features, while the other consists of stick-like features. These insights into the surface 
structure at the nanometer and atomic scale will hopefully contribute to understanding the excellent 
ice nucleating ability of feldspar minerals. 
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Ambient pressure X-ray photoelectron spectroscopy is a valuable tool for investigating surfaces and 
interfaces in elevated pressure conditions. We have recently constructed and commissioned a new 
end-station dedicated to Spectroscopic Analysis with Tender X-rays (SpAnTeX) [1].  The SpAnTeX end-
station focuses on X-ray photoelectron spectroscopy measurements of buried solid-liquid interfaces, 
which is facilitated by combining ambient pressure capabilities with the photoelectron kinetic energies 
accessible with tender X-rays. SpAnTeX can operate at pressures up to 30 mbar and photoelectron 
kinetic energies up to 10 keV. At the heart of the SpAnTeX end-station is a SPECS PHOIBOS 150 HV NAP 
electron spectrometer. The spectrometer used at SpAnTeX has two additional features that allow 
spatially resolved measurements with a resolution better than 30 μm, and time resolved 
measurements with 100 ns or less resolution. The SpAnTeX end-station is based on a modular concept 
which allows for the rapid exchange of sample environment modules. To date, we have constructed 
two modules. One module, the dip-and-pull module, is used for investigating solid-liquid interfaces 
under applied bias and illumination. The second module incorporates a droplet train and focuses on 
the investigation of solid-liquid interfacial processes with time resolution ranging from the μs to ms 
regimes. After a technical introduction to the SpAnTeX end-station and the experimental modules, 
results obtained using SpAnTeX will be presented. We will highlight studies of solid-liquid interfaces 
that are of solar energy conversion and environmental importance. 
 
[1] Marco Favaro, Pip C. J. Clark, Michael J. Sear, Martin Johansson, Sven Maehl, Roel van de Krol, David E. Starr, Surface Science, 
713, 121903 (2021). 
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The following monetary principle "bad money drives out good" can be paraphrased as "bad method 
drives out good". Many examples of this new Gresham's law can be recalled in modern science. The 
pH-dependent surface-charging has been studied for many decades, and this field is still active. 
Unfortunately numerous recent papers report apparent points of zero charge PZC obtained by 
erroneous methods. The authors of new manuscripts refer to already published (erroneous) papers, 
and this results in feedback and in gradual regress in the field. Different methods of determination of 
the PZC are discussed in detail with a special emphasis on their limitations.  
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Various aspects of surface charge and zeta potential 
relationship in the area of nanocrystals, colloids, emulsions and 

foams  
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Various aspects of the relation between surface charge and zeta potential and its consequences for the 
physicochemical properties of various dispersed systems will be discussed. Starting from the origin of 
surface charge in nanoparticles, proteins, emulsions, or bubbles, and its relationship with zeta potential 
based on the electric double layer theory, the illustrative example of the effect of adsorption of 
multivalent ions, surfactants, macroions, and polymers on measured zeta potential will be given. 
Therefore, the determination of the potential allows quantification of the adsorption process, for 
example, during the formation of hybrid polyelectrolyte/nanoparticle coating leading to the formation 
of nano- or microcapsules (Fig. 1). 

The zeta potential is regarded as a key parameter determining the stability and rheology of dispersed 
systems; therefore, the role of electrostatic interactions will be described as part of the classical DLVO 
theory of stability. On the other hand, the value of surface charge/zeta potential and electrostatic 
interactions determine the deposition of colloids at macroscopic surfaces. Some illustrative examples 
of deposition kinetics will be presented. 

 

Fig. 1. Schematics of the nanocapsules formation with PEG-ylated polyelectrolyte/magnetite nanoparticles shell 
and corresponding zeta potential dependence after adsorption of the consecutive layer [1].  

 
[1] L. Cristofolini, K. Szczepanowicz,  et al., ACS Applied Materials & Interfaces, 8, 25043-25050 (2016)  
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The biomaterials’ surface is the place where exogenous materials, physiological fluids, proteins, and 
cells meet determining the host response. Surface features such as chemical composition, exposed 
functional groups, zeta and electric potential, wettability, topography, and roughness strongly affect 
this response. Surface functionalization and coating with biomolecules are strategic tools to modulate 
surface properties and control the biomaterial outcome. The design of a functionalization process goes 
through the following main steps: selection of the biomolecule and process parameters, identification 
of the effective presence of the biomolecule on the surface and type of bond, and evaluation of the 
biological response.  

Zeta potential titration curves as the function of pH and KPFM can help both the first and second steps. 
They give significant information on the surface features of the substrate and functionalization solution, 
allowing the selection of process parameters and speculations on the mechanism of physical or 
chemical adsorption. Moreover, they allow detection and imaging of the adsorbed biomolecule on the 
functionalized surface.  

Some examples will be described: functionalization of a chemically treated titanium alloy (Ti6Al4V) with 
tocopherol phosphate for antibacterial purposes and with a natural extract of polyphenols from grape 
pomaces for osteogenic and anti-inflammatory purposes.   

The role of calcium ions in the chemisorption of the biomolecules and the surface distribution of the 
biomolecules on the surface was evidenced by KPFM. The orientation and exposed functional groups 
of the biomolecules on the surface were deduced from zeta potential titration curves. Biological tests 
evidenced different biological responses of the functionalized surfaces according to different process 
parameters in terms of cytocompatibility (human mesenchymal stem cells) and antibacterial action 
(Staphylococcus epidermidis).  
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Surface potential and charges measured by Kelvin probe force 
microscopy and Zeta potential of polymer fibers and meshes  

  

J. Knapczyk-Korczak1, P. K. Szewczyk1, U. Stachewicz1  
  

1 AGH University of Krakow  

  
jknapczyk@agh.edu.pl  

  

Electrospinning is the method that allows to produce nanofibers with desired properties without any 
other chemical modification. The electric field applied during the process plays a crucial role in 
determining the surface and bulk properties of fibers by affecting the orientation of functional groups 

in the polymer chain. Surface potential and surface charge sensing techniques provide the basic 
information useful in explaining the processes affected on the interfaces, which are closely related to 
the presence of surface charges. These methods can be categorized into direct potential measurement, 
such as Kelvin probe force microscopy (KPFM), and indirect method, like the Zeta potential 
measurement, which is based on electrokinetic measurements.  

The KPFM is an essential technique in the field of functional fibers, which find extensive applications in 
various domains, including smart textiles, sensors, biomedical devices, tissue engineering, and power 

generation. While surface potential is a crucial feature of these materials, the existing measurement 
methods primarily cater to ceramic-based materials, posing challenges for the characterization of soft 
and flexible polymers. With its exceptional lateral spatial resolution and flexibility, KPFM enables the 
localized measurement of surface potential, making it an ideal tool for investigating polymer fibers.  

The Zeta potential is referred to as a parameter for the analysis of solid surfaces on a macroscopic scale 
and provides information about the surface charge behavior at the interface when this material is in 
contact with a flowing liquid medium. Zeta potential measurements are commonly used for the 

characterization of colloidal suspensions and are more and more explored in the study of solid surfaces, 
however, measuring the fibrous membrane using this technic is still a great challenge. Determining the 
material's surface charge in the electrolyte solution can provide important information about the 
presence of functional groups and their chemical reactivity in an environment with a given pH.  

In the presented studies, we explore practical approaches for measuring and analyzing surface charges 
on electrospun polymer fibers.  By leveraging the capabilities of KPFM and Zeta potential measurement, 
we demonstrate the characterization of these materials with high precision, enabling a deeper 
understanding of their surface properties. These measurements are critical for chemical, engineering, 
and biological processes and provide complementary information useful for investigations of the 
interface phenomena related to the presence of surface charges. These findings contribute to the 
advancement of functional fibers and pave the way for their diverse applications in numerous fields.  

This study was conducted as part of the BioCom4SavEn project funded by the European Research 
Council under the European Union's Horizon 2020 Framework Programme for Research and Innovation 
(ERC grant agreement no. 948840).  
  
[1] Szewczyk et al., Nanoscale, 15, 6890-6900 (2023)   
[2] Szewczyk et al., ACS Biomaterials Science & Engineering, 5, 582-593 (2019)  
[3] Knapczyk-Korczak et al., RSC Advances., 11, 10866 (2021)  
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8 talks

1. Mon-10:30-O-PCAM Monday, August 28 10:30 / 120 min PCAM Lecture

Ioannis Deretzis Introduction to the Density Functional Theory 

2. Mon-14:00-O-PCAM Monday, August 28 14:00 / 120 min PCAM Lecture

Ioannis Deretzis Applications of the DFT in surface science and 2D materials 

3. Tue-10:30-O-PCAM Tuesday, August 29 10:30 / 120 min PCAM Lecture

Benedykt Jany Applications of ML Based Techniques for Material Characterization 
at Nano and Atomic Scale 

4. Tue-14:00-O-PCAM Tuesday, August 29 14:00 / 120 min PCAM Lecture

Enrico Gnecco Layered materials as solid lubricants 

5. Wed-10:30-O-PCAM Wednesday, August 30 10:30 / 120 min PCAM Lecture

Lindsay Richard Merte Catalysis 

6. Wed-14:00-O-PCAM Wednesday, August 30 14:00 / 120 min PCAM Lecture

Beatriz Roldán-Cuenya Catalysis 

7. Thu-10:30-O-PCAM Thursday, August 31 10:30 / 120 min PCAM Lecture

Joel Cox 2D materials 

8. Thu-14:00-O-PCAM Thursday, August 31 14:00 / 120 min PCAM Lecture

Fei Ding 2D materials 
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1. Mon-PP-1 Monday, August 28 18:30 / 90 min Poster

Katsuyoshi Kobayashi
Ochanomizu University 

Theoretical Study on Magnetic Structures of V5Se8 Thin 
Films 

2. Mon-PP-2 Monday, August 28 18:30 / 90 min Poster

Jazmín Aragón Sánchez
Department of Physics, University of Rome Tor Vergata, via della 
Ricerca Scientifica 1, Rome, Italy 

Scanning tunneling microscopy study of Ag fluorination 

3. Mon-PP-3 Monday, August 28 18:30 / 90 min Poster

Natalie J. Waleska-Wellnhofer
Friedrich-Alexander-Universität Erlangen-Nürnberg 

Nano-SMSI on bimetallic FePt clusters 

4. Mon-PP-4 Monday, August 28 18:30 / 90 min Poster

Masahiro Haze
University of Tokyo 

Monte Carlo based method for fitting of a superconducting 
spectrum measured by low temperature STM 

5. Mon-PP-5 Monday, August 28 18:30 / 90 min Poster

Daniel Rothhardt
Institute of Physics and Astronomy, University of 
Potsdam, 14476 Potsdam-Golm, Germany 

Atomically thin transition metal halide NiBr2 grown on Au(111) 

6. Mon-PP-6 Monday, August 28 18:30 / 90 min Poster

Katarzyna Kwiecień
Institute of Physics, Poznań University of Technology, 
Piotrowo Street 3, 60-965 Poznań 

Morphology and electric properties of oxidized HfSe2 surface 

7. Mon-PP-7 Monday, August 28 18:30 / 90 min Poster

Piotr Dziawa
Institute of Physics, Polish Academy of 
Sciences, Warsaw, Poland 

Investigations of MBE grown Pb1-xSnxTe(110) layers 

8. Mon-PP-8 Monday, August 28 18:30 / 90 min Poster

Patryk Szymczak
AGH University of Krakow 

Crafting Mesoporous Nanocrystalline Titania Thin Films on a 
Self-Assembling Phenyl Silsesquioxane Scaffold 

9. Mon-PP-9 Monday, August 28 18:30 / 90 min Poster

Satoshi Katano
Toyo University 

Atomic Scale Observation of NaCl Thin Crystal Growth on Au(111) 
by Scanning Tunneling Microscopy 
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10. Mon-PP-10 Monday, August 28 18:30 / 90 min Poster

Wendell Simões e Silva
Brazilian Synchrotron Light Laboratory 

Probing the electronic structure of Bi4Te3 

11. Mon-PP-11 Monday, August 28 18:30 / 90 min Poster

Beatrice Ferrari
Milano Bicocca 

Ultrafast Electron Diffraction Reveals Phononic Excitations in Indirect 
Excitons of MoS2 

12. Mon-PP-12 Monday, August 28 18:30 / 90 min Poster

Vladimir Ivanovski
Ss. Cyril and Methodius University in Skopje, Faculty of 
Natural Sciences and Mathematics, Institute of 
Chemistry, Arhimedova 5, 1000 Skopje, Macedonia 

IR ratio-reflectance spectra in the analysis of siloxane coatings 
on glass 

13. Mon-PP-13 Monday, August 28 18:30 / 90 min Poster

Aleksandra Marszał
Lodz University of Technology 

Low Friction h-BN/Inconel 617 Metal-Ceramic Composite for 
High-Temperature Applications 

14. Mon-PP-14 Monday, August 28 18:30 / 90 min Poster

Masanori Kaku
University of Miyazaki 

Surface modification of polyethylene terephthalate by 
deep-ultraviolet LED irradiations 

15. Mon-PP-15 Monday, August 28 18:30 / 90 min Poster

Jiayi Lu
Materials Genome 
Institute, Shanghai 
University, China 

On-Surface Construction of Two-dimensional Metal−Organic Framework Glasses 
by a High-throughput Method 

16. Mon-PP-16 Monday, August 28 18:30 / 90 min Poster

Fengru Zheng
Materials Genome Institute, Shanghai 
University 

Predicting molecular self-assembly on metal surfaces using graph 
networks with experimental dataset 

17. Mon-PP-17 Monday, August 28 18:30 / 90 min Poster

Michael Furlan
Queen's University 

The influence of surface structure and reconstructions on 
NHeterocyclic Carbene self-assembly 

18. Mon-PP-18 Monday, August 28 18:30 / 90 min Poster

Kejian Hou
The University of Manchester 

Adsorption of Tyr-Ala and Tryptophan on rutile TiO2 (110): A 
Photoemission and Near Edge X-ray Absorption Fine Structure Study 
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19. Mon-PP-19 Monday, August 28 18:30 / 90 min Poster

Leonard Neuhaus
Philipps-Universität Marburg 

On-Surface Reaction of Tetraphenylporphyrin with Caesium 

20. Mon-PP-20 Monday, August 28 18:30 / 90 min Poster

Olga Molodtsova
DESY Hamburg 

Non-reactive metal nanoparticles embedded in organic matrix 

21. Mon-PP-21 Monday, August 28 18:30 / 90 min Poster

Anna Kurowska
CEITEC BUT Brno 

Dicyanoanthracene self-assembly on the topological insulator 
Bi2Se3(0001) surface 

22. Mon-PP-22 Monday, August 28 18:30 / 90 min Poster

Agata Kordek
Faculty of Chemistry, Jagiellonian 
University in Kraków 

Operando DRS UV-vis as the versatile tool for silver speciation 

23. Mon-PP-23 Monday, August 28 18:30 / 90 min Poster

Thanh Dung Hoang
Sookmyung Women's University 

Transition-Metal-Ion-Doped rGO Nanocomposites with 
Enhanced Photocatalytic Activities 

24. Mon-PP-24 Monday, August 28 18:30 / 90 min Poster

Mateusz Suchodół
EPFL 

Probing the mechanism of facile water dissociation on oxygen 
covered Cu(111) by Reflection Absorption Infrared Spectroscopy 
(RAIRS) 

25. Mon-PP-25 Monday, August 28 18:30 / 90 min Poster

Yu Kwon Kim
Ajou University 

Thermocatalytic approaches for the simultaneous production of 
hydrogen and solid carbon from hydrocarbon-based raw materials 
employing molten liquid catalysts 

26. Mon-PP-26 Monday, August 28 18:30 / 90 min Poster

Robert Peter
Faculty of Physics and Center for 
Micro- and Nanosciences and 
Technologies, University of Rijeka, 
Croatia 

Photocatalytic activity of Cu-doped ZnO thin films grown by atomic 
layer deposition 

27. Mon-PP-27 Monday, August 28 18:30 / 90 min Poster

Ewelina Frątczak
Department of Molecular Engineering, Faculty of 
Process and Environmental Engineering, Lodz 
University of Technology, Wólczańska 213, 93-005 
Lodz, Poland 

Electronic properties of thin-film CoO-C nanocatalysts deposited in 
cold plasma with self-assembled heterojunctions 
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28. Mon-PP-28 Monday, August 28 18:30 / 90 min Poster

Aoussaj Sbai
Gdansk university of technology 

Singlet and triplet excited states properties of a series of BODIPY dyes 
as calculated by TDDFT and STEOM-DLPNO-CCSD methods 

29. Mon-PP-29 Monday, August 28 18:30 / 90 min Poster

Henryk Szramowski
Nicolaus Copernicus University in Toruń / Boryszew 
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New primers for polyolefins based on PP-g-MAH 

30. Mon-PP-30 Monday, August 28 18:30 / 90 min Poster

Shiva Moradmand
CNRS, Sorbonne Université, Institut des NanoSciences de 
Paris 

Tuning Electronic Properties in Nanoparticles of Gold 

31. Mon-PP-31 Monday, August 28 18:30 / 90 min Poster

Paulina Musolf
Institute of Physical Chemistry, Polish 
Academy of Sciences, Warsaw (Poland) 

Development of a fiber-optic sensor for detecting inflammatory 
markers. Modification of oxide surfaces. 

32. Mon-PP-32 Monday, August 28 18:30 / 90 min Poster

Ester Pérez Penco
Advanced Research Center for Nanolithography 
(ARCNL), Science Park 106, 1098 XG Amsterdam, The 
Netherlands (NL) 

Growth and identification of thin Ru silicide films 

33. Mon-PP-33 Monday, August 28 18:30 / 90 min Poster

Alenka Vesel
Jozef Stefan Institute 

Ammonia Production for Hydrogen Storage 

34. Mon-PP-34 Monday, August 28 18:30 / 90 min Poster

Adam Dziwoki
Jerzy Haber Institute of Catalysis and 
Surface Chemistry, Polish Academy of 
Sciences 

Sample holders and adapters for Magnetic Field Assisted Epitaxial 
Growth of Magnetite Films 

35. Mon-PP-35 Monday, August 28 18:30 / 90 min Poster

Hadeel Hussain
Diamond Light Source 

Beamline I07: Surface X-ray Scattering Beamline at Diamond Light 
Source 

36. Mon-PP-36 Monday, August 28 18:30 / 90 min Poster

Pavel Dudin
Synchrotron SOLEIL 

Electronic structure of 2D materials determined with ANTARES 
nanoARPES facility. 
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37. Mon-PP-37 Monday, August 28 18:30 / 90 min Poster

Pol Torres-Vila
École Polytechnique Fédérale de Lausanne - 
Microsystems Laboratory 1 

Towards few ions silicon doping using monolayer doping 

38. Mon-PP-38 Monday, August 28 18:30 / 90 min Poster

Patryk Krempiński
University of Łódź 

Computer simulation of the magnetocaloric effect in a cluster 
containing S = 7/2 gadolinium ions 
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Krzysztof Warda
Solid State Physics Department, University of Lódź 

The ultra-fast demagnetization process in magnetic materials 

40. Mon-PP-40 Monday, August 28 18:30 / 90 min Poster

Wojciech Pawlak
Lodz University of Technology 

SiC/Inconel 617 Metal-Ceramic Composites for High-Temperature 
Friction 

41. Mon-PP-41 Monday, August 28 18:30 / 90 min Poster

Jan Smyczek
Institute for Physical Chemistry 

Epitaxial growth of ultrathin CoOx films and their interaction water 

42. Mon-PP-42 Monday, August 28 18:30 / 90 min Poster

Marcin Pisarek
Institute of Physical Chemistry, Polish 
Academy of Sciences 

Active photoanodes in the UV-Vis light range based on N-doped 
TiO2 nanotubes 

43. Mon-PP-43 Monday, August 28 18:30 / 90 min Poster

Kinga Freindl
Jerzy Haber Institute of Catalysis and 
Surface Chemistry, Polish Academy of 
Sciences 

Oxidation Resistance of Fe on Ru(0001) – the Role of the Substrate 
and Preparation Conditions 

44. Mon-PP-44 Monday, August 28 18:30 / 90 min Poster

Emanuel Alberto Martínez
GFMC, Departamento de Física de Materiales, Universidad Complutense de 
Madrid, 28040, Madrid, Spain 

Anisotropic Electronic Structure of the 
Two-Dimensional Electron Gas at the 
AlOx/KTaO3(110) interface 

45. Mon-PP-45 Monday, August 28 18:30 / 90 min Poster

Lucyna Grządziel
Institute of Physics – Centre for Science and 
Education, Silesian University of Technology 

Defect utilization in technology: post-deposition thermal treatment 
impact on morphological, chemical and electronic structure of 
sol-gel ZnO thin films 
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46. Mon-PP-46 Monday, August 28 18:30 / 90 min Poster

Jerzy Kubacki
University of Silesia 

Modification of the surface layer of (100) KTaO3 single crystal at low 
of oxygen partial pressure at elevated temperature. 

47. Mon-PP-47 Monday, August 28 18:30 / 90 min Poster

Kanji Homma
Tokyo. Tech. 

Effect of Charge Transfer on Electron Transport in the Naphthalene 
Single-Molecule Junction Revealed by SERS 

48. Mon-PP-48 Monday, August 28 18:30 / 90 min Poster

Harunari Okura
Tokyo institute of Technology 

Electron transport through single DNA molecule with Covalently 
Modified Strand 

49. Mon-PP-49 Monday, August 28 18:30 / 90 min Poster

Jae-sung Kim
Sook-Myung Women's University 

Nanoscale pattern formation on Si surfaces bombarded with a Kr ion 
beam -revisted 

50. Mon-PP-50 Monday, August 28 18:30 / 90 min Poster

Aishwarya Sudhama
Department of Chemistry-Ångström Laboratory, Uppsala 
University, Lägerhyddsvägen 1, BOX 538, Uppsala, 75121, 
Sweden 

Unrevealing the relationship between protonic double layer 
and surface acidity from density functional theory-based 
molecular dynamics simulations 

51. Mon-PP-51 Monday, August 28 18:30 / 90 min Poster

Arkadiusz Foks
Jan Kochanowski University 

Production of various surface nanostructures in collisions of highly 
charged xenon ions with gold single crystal 

52. Mon-PP-52 Monday, August 28 18:30 / 90 min Poster

Michał Piskorski
Department of Solid State Physics, Faculty of 
Physics and Applied Informatics, University of 
Lodz 

Construction of a Raman spectrometer for surface mapping in an 
inert gas atmosphere in a glove-box 
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Theoretical Study on Magnetic Structures of V5Se8 Thin Films 
 

K. Kobayashi1, K. Sumida2, T. Hirahara3 
 

1 Department of Physics, Ochanomizu University, Japan 
2 Materials Sciences Research Center, Japan Atomic Energy Agency, Japan 

3 Department of Physics, Tokyo Institute of Technology, Japan 
 

Kobayashi.katsuyoshi@ocha.ac.jp 

 

Recently two-dimensional magnetism of transition-metal chalcogenides has much attention [1]. We 
present a theoretical study on magnetic structures of V5Se8 thin films. V5Se8 has a structure composed 
of transition-metal dichalcogenide VSe2 and intercalant V layers. It is known that V5S8 with a similar 
structure has an antiferromagnetic magnetic structure determined by a neutron-scattering experiment. 
The bulk of V5Se8 is also antiferromagnetic and is thought to have a similar magnetic structure. It was 
recently reported that thin films of V5Se8 show ferromagnetic properties [2]. However, the microscopic 
mechanism for the emergence of ferromagnetic properties is not clear. There is also a report that a 
single-layer V5Se8 was grown [3]. In order to investigate theoretically the magnetic structures of the 
V5Se8 thin films we performed a first-principles calculation.  

The calculation was performed using the program package VASP. The atomic structure of the single-
layer V5Se8 used for the calculation is shown in the figure below. It was found that the total energy of 
the single-layer V5Se8 is lower in ferromagnetic state than in antiferromagnetic state. In the 
presentation, we will explain the details of the magnetic structure and also present calculations of 
double-layer and more thicker V5Se8 films. Our calculation shows the importance of surface layers for 
the emergence of ferromagnetism in this system.  

 

 

Fig. 1. Atomic structure of the single-layer V5Se8 used in the calculation. Red and green spheres show V and Se 
atoms, respectively.  

 
[1] Y.-L. Huang et al., SmartMat. 2, 139 (2021). 
[2] M. Nakano et al., Nano Lett., 19, 8806 (2019). 
[3] K. Sumida et al., Phys. Rev. B, 106, 195421 (2022).  
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Scanning tunneling microscopy study of Ag fluorination 

J. Aragón Sánchez1, A. Caporale1, L. Persichetti1, I. Degtev2, J. Lorenzana2, L. Camilli1  

1Department of Physics, University of Rome Tor Vergata, via della Ricerca Scientifica 1, Rome, 

Italy 

2Institute for Complex Systems, National Research Council, P.le Aldo Moro 5, Rome, Italy 

jaragon188@gmail.com 

The fluorination of silver can lead to the formation of three compounds: Ag2F, a metal; AgF, a band 

insulator; or AgF2, a spin-1/2 antiferromagnetic charge-transfer insulator [1]. Interestingly, the last 

compound has many similarities with the parent insulating materials of cuprate high-temperature 

superconductors [2]. This was recently confirmed by an optical and resonant inelastic x-ray study [3]. It 

has been suggested [4] that a flat polymorph of AgF2 could be stabilized by epitaxial engineering and, 

upon doping, could lead to superconductivity at temperatures as high as 200K. 

Here we report a study on the initial stages of the fluorination of silver based on low-temperature 

scanning tunneling microscopy (STM). At very low F coverages, we pinpoint the position of F adatoms 

on the silver lattice with atomic precision, and then explore the electronic properties by means of 

scanning tunneling spectroscopy (STS) technique. Increasing F coverage, we then show how large 

islands are formed on top of the silver substrate and study their electronic properties by STS 

measurements. 

This study was supported financially by the Italian Ministry of University and Research through the PRIN 

2020 program. 

 

Fig. 1. Two consecutive (2.75x2.75) nm STM images of a single F adatom on Ag(001) acquired at -1.0 V (left 

panel) and +1.0 V (right panel). 

[1] P. P. O’Donnel, J. Electrochem. Soc. 117, 1273 (1970). 
[2] J. Gawraczyński et al. Proc. Natl. Acad. Sci. U. S. A. 116, 1495 (2019). 
[3] N. Bachar et al. Phys. Rev. Res. 4, 023108 (2022). 
[4] A. Grzelak et al., Phys. Rev. Mater. 4, 1 (2021) 
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Nano-SMSI on bimetallic FePt clusters 
 

N. J. Waleska-Wellnhofer1, E. M. Freiberger1, F. Hemauer1, V. Schwaab1, and C. Papp1,2 

 
1 Friedrich-Alexander-Universität Erlangen-Nürnberg, Lehrstuhl für Physikalische Chemie II,  

Egerlandstr. 3, 91058 Erlangen  
2 Freie Universität Berlin, Physikalische und Theoretische Chemie, Arnimallee 22, 14195 Berlin 

 
natalie.waleska@fau.de 

 

Strong metal-support interaction (SMSI) is found for particles supported on particular metal oxide 
surfaces leading, inter alia, to the encapsulation of the particle by a thin layer of the metal oxide 
support. As a result, the adsorption ability is decreased strongly but also specific site blocking is found, 
offering new opportunities for site selective reactions.[1,2]  

In this work, we investigated graphene-supported FePt clusters on the Rh(111) single crystal surface by 
in situ high-resolution XPS and the utilization of CO as a probe molecule. The FePt clusters were 
prepared by successively depositing Fe (1.27 ML) and Pt (0.14 ML) on the graphene/Rh(111) substrate. 
Oxidation of Fe was achieved by CO dissociation. Heating of the FePt/graphene/Rh(111) sample to 
550 K results in cluster ripening and the encapsulation of Pt by a thin Fe oxide layer due to SMSI. 
Encapsulation was proofed by a strong decrease in the CO chemisorption capacity of Pt. Further 
increase of the temperature to 900 K leads to the decomposition of the Fe oxide layer and the 
intercalation of Fe. Additionally, the formation of a FePt alloy was observed at elevated temperature. 

We thank Helmholtz-Zentrum Berlin for allocation of synchrotron-radiation beamtime and BESSY II staff 
for support during beamtime. This work was funded by the DFG within SFB 953 ”Synthetic Carbon 
Allotropes” (Project #182849149). 

 

 

Fig. 1. Summary of the structural changes of the FePt/graphene/Rh(111) system observed upon CO adsorption 
and thermal treatment. 

 
 
[1] Tauster, S. J., Acc. Chem. Res., 20, 389–394 (1987). 
[2] Qin, Z. H., Lewandowski, M., Sun, Y. N., Shaikhutdinov, S. & Freund, H. J., J. Phys. Chem. C, 112, 10209–10213 (2008). 
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Monte Carlo based method for fitting of a superconducting 
spectrum measured by low temperature STM  

  

M. Haze1, Y. Nakanishi-Ohno2, Y. Sato1, and Y. Hasegawa1  
  

1 Institute for solid state physics, the University of Tokyo  
2 Faculty of Culture and Information Science, Doshisha University  

  
haze@issp.u-tokyo.ac.jp  

  

Low temperature scanning tunneling microscopy (LT-STM) has developed not only for measuring 
topographic images but also for detecting density of states at surfaces. Especially, superconductors 
have distinctive gap structures around the Fermi level, named superconducting gap, which is well 
explained by the Dynes function. Since physical information (e.g., the superconducting gap width) can 
be extracted, the spectrum is fitted by the function based on the least square optimization.  

Levenberg-Marquardt (LM) algorithm, which is the combination of Gauss-Newton method and 
gradient descent method, is widely used for the least square optimization. While LM algorithm can 
converge rapidly, sometimes the parameters trapped at the local minimum because LM algorithm is 
one of the gradient methods which try to find the values where the gradient is zero. In order to find 
the optimal values, we need to set the initial parameters which are close to the optimal ones.  

On the other hand, Markov chain Monte Carlo (MCMC) algorithm has developed as the optimization 
method especially in the field of machine learning. Therefore, this algorithm is also applicable for the 
fitting of the superconducting gap. One of the expected advantages is that the converged values do not 
depend on the initial values.   

Here, we demonstrated the fitting using Metropolis algorithm, one of the MCMC. First, we measured 
a spectrum on a NbSe2 surface by LT-STM. Since NbSe2 is known as two gap superconductors [1], the 
fitting function is more complicated [2] than single gap system, and the function has ten parameters. 
Our demonstration suggests that MCMC can find the parameters close to the optimal values even from 
roughly decided initial values, while LM algorithm cannot. On the other hand, when the initial values 
are close to the optimal ones, LM algorithm can find more nearly optimal values. Therefore, our 
demonstration suggests that the combination of both methods is one of the best way to find the 
optimal values.  

 

Fig. 1. : Fitting of a superconducting gap optimized by the MCMC algorithm.  
Red: measured data. Blue: fitted curve.  

  
[1] Y. Noat et al., Phys. Rev. B 92, 134510 (2015).  
[2] M. Iavarone et al., Phys. Rev. Lett. 89, 187002 (2002).  
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Atomically thin transition metal halide NiBr2 grown on Au(111) 
 

D. Rothhardt1, Z. Ahmed2, 3, H. Liu2, 3, R. Hoffmann-Vogel1, H. J. Hug2,3, and A. Kimouche 1 
 

1 Institute of Physics and Astronomy, University of Potsdam, 14476 Potsdam-Golm, Germany 
 2 Swiss Federal Laboratories for Materials Science and Technology, CH-8600 Dübendorf, Switzerland 

3 Department of Physics, University of Basel, CH-4056 Basel, Switzerland 
 

Email address of corresponding author: daniel.rothhardt@uni-potsdam.de 

Two dimensional materials posses a strong covalent bonding within a layer, while the interaction 
between several layers is weak. Due to their limited symmetry, they display electrical, optical, and 
magnetic properties that are different compared to their 3D counterparts. Extensive efforts are being 
devoted to study 2D materials beyond graphene, including oxides, nitrides and chalcogenides. A new 
class of 2D materials called transition metal dihalides have been grown, which exhibit a magnetic 
ground state in the monolayer limit [1]. Apart from permitting studies of fundamental aspects of low 
dimensional magnetism, these materials may also be applied for future spintronic devices. However, 
the growth of transition metal dihalides monolayers on single crystalline surfaces remains challenging 
and requires an accurate control of the growth parameters and an improved understanding of the role 
of these parameters. In this work, we employ frequency-modulated scanning force microscopy in the 
non-contact mode, combined with Kelvin probe microscopy and scanning tunnelling microscopy, to 
examine various phases and layer thicknesses down to the monolayer limit of NiBr2 on Au(111). 

 

Fig. 1. First flexural mode resonance frequency shift data recorded at constant tunnelling current (a) Overview 
(It = 10 pA, Vbias = 1000 mV) and (b) atomic resolution of the NiBr2 (It = 50 pA, Vbias = 20 mV).                                                                                                                                                              

(a) and (b): A1st = 3 nm, fres = 294.46 kHz, Q = 30000, c = 40 N/m, T = 6.3 K. 

  
[1] D. Bikaljević, C. González-Orellana, M. Peña-Díaz, D. Steiner, J. Dreiser, P. Gargiani, M. Foerster, M.A. Niño, L. Aballe, S. Ruiz-
Gomez, N. Friedrich, J. Hieulle, L. Jingcheng, M. Ilyn, C. Rogero, J. I. Pascual, ACS Nano, 15, 14985 (2021)  
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HfSe2 is a layered material belonging to Transition Metal Dichalcogenides (TMDs) with a bandgap equal 
to 0.9 eV and 1.2 eV for bulk crystal and monolayer respectively [1]. It has one of the highest 
theoretically predicted carrier mobility µ (3500 cm2 · V-1 · s-1) among TMDs, however the experimentally 
measured values of µ are three orders of magnitude lower [1–4]. Such discrepancy arises from high 
contact resistance between HfSe2 and measurement electrode, which ranges from 50 to 100 kΩ · µm-1 
[1]. HfSe2 oxidizes under ambient conditions, which can drastically modify the potential barrier of 
metal/HfSe2 interface, which in turn, can influence their contact resistance. Moreover, the morphology 
of HfxOy could affect the effectiveness of the metal electrode contact to HfxOy/HfSe2.  

The first part of this work is focused on the oxidation dynamics of HfSe2 and the impact of oxidation 
parameters on the morphology of HfyOx which forms on its surface. The time progression of HfxOy 
growth was obtained in a quasi-controlled environment. The dependence of its morphology (surface 
roughness, the size of oxide structures) on the growth parameters has also been investigated using SPM 
and SEM techniques. The second part of this work concentrates on the procedure of fabricating devices 
with HfSe2 active layer. Preliminary I/V measurements obtained for this type of device proved that the 
resistance of the HfyOx/HfSe2 structure decreased with increasing its exposure time to the ambient 
conditions. Additionally, an effective method of preventing the oxidation of HfSe2 has been proposed 
and evaluated using Raman Spectroscopy.  

Presented work has been financed by the Ministry of Education and Science in Poland in 2023 year 
under Project No 0612/SBAD/6215.  
  
[1] Mleczko, Michal J. et al., Sci. Adv., 3, e1700481 (2017). 
[2] Zhang, Wenxu, et al., Nano Res., 7, 1731–1737 (2014).  
[3] Kang, Moonshik et al., Nanoscale, 9,1645–1652 (2017).  
[4] Yin, Lei et al., Appl. Phys. Lett., 109(21), 213105 (2016).  
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In the last decade, new electronic materials – topological crystal insulators (TCIs) – have been 
discovered theoretically [1] and proven experimentally [2]. The canonical representatives of this class 
of materials are IV-VI semiconductor compounds. In the topological phase, these materials exhibit 
gapless linear dispersion relation with massless Dirac points in vicinity of specific points in Brillouine 
zone and a distinct spin-momentum locking [3]. The transition from trivial to topological phase can be 
controlled by temperature, chemical composition and pressure.  

To date, topological surface states have been observed on the {100} and {111} planes of IV-IV TCI [2-
4]. Topologically protected surface states on {110} surfaces have not yet been investigated 
experimentally. Growth on (110)-oriented substrates introduces axial deformation strain which allows 
to study possible transition to TCI state under pressure.  

In this works we focus strongly on structural properties of Pb1-xSnxTe(110) layers with different Sn 
content covering full range of solubility from PbTe to SnTe binary compound. 

This work has been supported by the National Science Centre Poland, through projects No: 
2017/27/B/ST3/02470, 2019/35/B/ST3/03381 and 2019/35/B/ST5/03434. 
 
[1] Liu Junwei, et al, Phys. Rev. B 88, 241303(R) (2013). 
[2] Dziawa P. et al., Nature Materials 11, 1023 (2012). 
[3] Wojek B. M. et al., Phys. Rev. B 87, 115106 (2013). 
[4] Polley C. M. et al., Phys. Rev. B 89, 075317 (2014). 
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Titania thin films are an essential component of nano surface engineering, owing to their wide range of 
potential applications. This wide spectrum of applications is induced by its unique and distinctive 
physicochemical properties and its polymorphic character. From tetragonal anatase and rutile to 
orthorhombic brookite the properties are shifting with the crystal form of this specimen. This study shows 
an interesting approach for obtaining nanocrystalline TiO2 thin films on previously studied Dodecaphenyl 
Polyhedral Oligomeric Silsesquioxane (POSS) interphase. Thin films based on Dodecaphenyl-POSS exhibit 
self-assembling ability, which results in the formation of a lamellar structure with altering organic moieties 
and silica cages [1], [2]. Fabrication of titania thin films is performed in extremally clean conditions using 
an Ultra-High Vacuum system. The deposition was performed using an electron beam evaporator with 
pure titanium rod on thermally and oxygen plasma treated Si(100) substrate with a POSS layer. As a result 
of plasma and thermal treatment POSS interphase morphs into a form structured silica, forming a scaffold 
for mesoporous nanocrystalline TiO2 layer. The characterization of the structure and physicochemical 
properties was enabled through the application of Grazing Incidence X-ray Diffraction, X-Ray Reflectivity, 
Raman Spectroscopy, Atomic Force Microscopy, and Scanning Electron Microscopy techniques. 
Investigation of the fabricated multilayers also revealed their antireflective properties. 

Acknowledgement: This work was supported by “Excellence Initiative — Research University” of AGH 
University of Krakow, grant IDUB no 4154 

 

 
 
[1] B. Handke, Ł. Klita, W. Niemiec; Surf. Sci. 666 (2017) 70–75 
[2] B. Handke, Ł. Klita, J. Nizioł, W. Jastrzȩbski, A. Adamczyk; J. Mol. Struct. 1065–1066 (2014), 248–253 
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An insulating film formed on a metal surface has been attracting considerable attention in the fields of 
surface science and nanotechnology.  This is because it can suppress electronic interactions between a 
metal surface and adsorbed atoms and molecules, thereby enhancing the intrinsic features of these 
atoms and molecules.  Above all, alkali halide materials, such as NaCl, have been intensely investigated 
so far since these materials have a large band gap.  In addition, well-defined atomic layers made of 
those materials can be prepared using a vapor deposition technique in ultrahigh vacuum (UHV).  In situ 
observation of the growth of NaCl thin film on metal surfaces with high spatial resolution is important 
for elucidating the mechanism of thin-film crystallization and hence for realizing highcrystallinity thin 
films, which has not yet been examined.  In this paper, we report the results of atomic scale 
observations of NaCl bilayer growth on Au(111) at room temperature by scanning tunneling  
microscopy (STM).  

STM experiments were carried out in a UHV chamber at room temperature (298 K) with a base pressure 
of 3×10-10 Torr.  An electrochemically etched tungsten tip was used for STM.  An Au(111) single crystal 
was cleaned by the standard procedure, i.e., the repetition of Ar ion sputtering and annealing to 800 K 
until the cleanliness and crystallinity of the Au(111) surface were confirmed by STM.  NaCl was 
evaporated onto the Au(111) surface at room temperature.  The amount of NaCl deposited was 
carefully controlled by adjusting both the crucible temperature and exposure duration.  

An STM image obtained after deposition of 490 L of NaCl on Au(111) at room temperature is shown in 
Fig. 1.  In the low-NaCl-exposure regime, mono- and polycrystalline monolayer structures of the NaCl 
islands coexisted on the Au surface at room temperature.  We confirmed that the Au(111) surface is 
mostly covered by bilayer islands with increasing amount of NaCl exposure.  The crystallinity of the NaCl 
monolayer clearly affects the crystallization and growth of a bilayer.  The two-dimensional growth of 
the NaCl bilayer proceeds in an edge-advanced manner, the growth direction of which is strongly 
affected by the crystallographic orientation of the NaCl monolayer island.  The edge and corner 
structures of the NaCl islands become sharp and stabilized upon the completion of the bilayer 
formation.  The formation of the NaCl bilayer involves the migration of the preadsorbed NaCl molecules 
from the Au surface onto the NaCl monolayer. [1]  

 

Fig. 1. An STM image of NaCl (490 L)/Au(111) at room temperature.  Scanning conditions: Vs=0.5 V, It=0.5 nA.  

  
[1] S. Katano et al., J. Phys. Chem. C, 124, 20184 (2020).  
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The electronic topology of Bi4Te3 with alternating Bi2 and Bi2Te3 layers, was investigated and three 
topological surface states and a topological Fermi surface with strong warping was observed [1]. The 
topological states in Bi2Se3 at the Fermi level show a linear dispersion with a spin texture parallel to the 
surface with no warped Fermi surface [2], unlike Bi2Te3 and Bi4Te3 , which show a hexagonal warped 
Fermi surface [3]. In Fermi surfaces with this sort of hexagonal warping the spin texture has a 
component out of plane of the surface [4]. In Bi4Te3 the warping was found to be much stronger than 
in Bi2Te3, which implies in a larger out of plane spin component and make Bi4Te3 a material with high 
potential application in spintronics. For this work, I will show the experimental results for Bi4Te3, and I 
will discuss how the combination of ARPES technique and synchrotron radiation can help to solve this 
system. 

 

 

[1] T. Chagas et al., Phys. Rev. B 105 L081409 (2022).  

[2] K. Kuroda et al., Phys. Rev. Lett 105, 076802 (2010).  

[3] Y. L. Chen et al., Science 325, 178 (2009). 

[4] L. Fu, Phys. Rev. Lett. 103, 266801 (2009) 
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Layered nanocrystals of transition metal dichalcogenides (TMDs) have emerged as very promising 
materials for next-generation optoelectronic and quantum devices [1]. Studying the interplay between 
excitons and atomic vibrations in these systems is critical for understanding their fundamental features, 
such as carrier mobilities, quantum coherence loss, and heat dissipation. Comprehensive knowledge 
of many-body exciton physics at the zone-edge states is thus required for harnessing their valley-
selective excitations [2,3]. However, theoretical and experimental research has so far focused on 
exciton-phonon dynamics in high-energy direct excitons involving zone-center phonons. 

Here, we use ultrafast electron diffraction and ab initio calculations to investigate the structural 
dynamics of low-energy indirect excitons in MoS2 following nearly-resonant optical stimulus [4]. We 

identify the excitation of in-plane K- and Q-phonon modes with E′symmetry as the main contributions 
in stabilizing indirect excitons created by near-infrared light at 1.55 eV. Our findings clarify the role of 
phonon anharmonicity and the structural evolution of the MoS2 crystal lattice and highlight the 
remarkable selectivity of phononic excitations, which is notably connected with the system's unique 
indirect-exciton character of the wavelength-dependent electronic transitions. 
 
 
 
 
 
 
[1] S. Manzeli, D. Ovchinnikov, D. Pasquier, O. V. Yazyev, A. Kis, Nat. Rev. Mater., 2, 17033 (2017) 
[2] D. Y. Qiu, F. H. da Jornada, S. G. Louie, Phys. Rev. Lett., 111, 216805 (2013) 
[3] B. R. Carvalho, L. M. Malard, J. M. Alves, C. Fantini, M. A. Pimenta, Phys. Rev. Lett., 114, 136403 (2015) 
[4] J. Hu, Y. Xiang, B. M. Ferrari, E. Scalise, G. M. Vanacore, Adv. Func. Mat., 33, 2206395 (2023). 
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Silanization is a well-known method of altering the surface properties of glass substrates to achieve 
hydrophobicity. Various alkoxysilane or chlorosilane compounds can be commercially obtained for this 
purpose.  

We recently developed a method for the analysis of a siloxane film on the surface of a silanized glass 
using specular reflectance spectroscopy [1], for the case when the film thickness is relatively low and 
the main component visible in IR spectra is the siloxane network. The method is also useful for making 
correlations between the obtained IR ratio-reflectance spectra and the bonding of the O-Si groups, 
leading to a particular morphology of the coating. 

The IR reflectance spectra were recorded from coated soda-lime-silica glass substrates, obtained using 
the dip-coating technique, from several solutions of four different silane derivatives: 
isobutyl(trimethoxy)silane, hexadecyltrimethoxysilane, tetraethoxysilane and methyltrichlorosilane, 
dissolved in “dry” and “wet” toluene. The recorded spectra were further converted into ratio-
reflectance spectra.  

From the correlation between the bands in the spectra and the morphology of the coating, the 
appearance of two well-defined bands at 1110 and 975 cm-1 corresponded to a branched siloxane and 
thus a rough surface, with a coating structure consisting of silyl units with comparably large bridging 
oxygen numbers. The morphology of the coating was obtained using SEM, AFM measurements, while 
the hydrophobic properties have been investigated using contact angle measurements.  

We also used the abovementioned IR reflectance method in the analysis of a siloxane film deposited 
by spraying and subsequently drying of a silane solution on the glass substrate, where the solvent was 
a mixture of isopropanol, toluene and diethylamine. The measured contact angle proves strong 
hydrophobicity for hexadecyltrimethoxysilane, comparable with the dip-coating method. 

Another interesting effect that will be discussed in this presentation is the increased hydrophobicity of 
some siloxane coatings when subsequently treated with surface active substances (SAS). The contact 
angle increases from that of a pristine glass surface, through the one treated with the silane solution, 
to the one finally treated with SAS. The effect of Coulomb interaction between the silyl fragments on 
the glass surface and the SAS molecule is believed to be the essence of this effect. 

 

[1] V. Ivanovski, I. Piwoński, D. Guziejewski, Th.G. Mayerhöfer, Spectrochim. Acta A, 271, 120893 (2022)  
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Traditional metal alloys do not meet the requirements imposed on materials functioning under high-
temperature friction conditions. As temperatures increase, they lose their strength properties and 
become prone to oxidation. On the other hand, the use of self-lubricating material for high-
temperature applications is limited by the severe oxidation of graphite or molybdenum disulfide at 
temperatures above 400°C. Hexagonal Boron Nitride (h-BN) is a good solution, as this material has 
almost no chemical activity up to 1000°C and tribological properties similar to graphite. The problems 
with h-BN sinters are very high temperatures of sintering as well as the brittleness of such ceramics.  
A solution to this problem could be the utilization of metal-ceramic composites, which have a metallic 
matrix to give some ductility to the system and self-lubricating material embedded in a metallic phase. 
Both materials should be resistant to hot-gas corrosion. 
The metal-ceramic composite was manufactured using hexagonal Boron Nitride (h-BN) powder coated 
with Inconel 617 alloy coating by means of magnetron sputtering. Deposition of the high-temperature 
alloy onto low-friction powder was followed by Spark Plasma Sintering (SPS). Two samples with 
different Inconel content (0.5 and 7% by weight, named S1 and S2 respectively) were produced. The 
Inconel content was controlled by varying the sputtering process time. S1 powder contained a lower 
amount of Inconel, with a total sputtering time of 2 hours. S2 powder had significantly more Inconel 
deposited during 23 hours. The resulting sintered compacts were subjected to friction tests on a high-
temperature pin-on-disc tribometer at temperatures of 450 °C and 700 °C. To monitor the described 
processes, the samples underwent examinations using X-ray diffraction (XRD) and scanning electron 
microscopy (SEM). It was observed that: 
- the technology allows obtaining the dense compacts of mainly h-BN at temperatures 1350 °C,  
- magnetron sputtered amorphous metallic phase crystallized during sintering;  
- the higher the metallic phase content, the high-temperature coefficient of friction is higher but the 
wear coefficient is lower; The examples of the registered coefficients of friction are shown in Fig. 1.  
- no oxidation occurred during friction at temperatures up to 700°C. 
 

 

Fig.1. Coefficients of friction of h-BN/Inconel 617 Metal-Ceramic Composites 
at high temperatures of 450°C and 700°C. 
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A polyethylene terephthalate (PET), which is used for PET bottles, is a polymer composed of benzene 
rings and carbonyl groups, and has excellent chemical resistance, toughness, electrical insulation, and 
high transparency. PET is also used in the electronics field, such as film capacitors and flexible 
substrates. However, when PET is used as a material for electronic devices, it is necessary to form a 
conductive thin film on the PET surface by coating or electroless plating, so adhesion with other 
materials is one of the problems. Conventionally, surface modification by chemical treatment or high-
voltage plasma treatment has been reported to improve adhesion, but damage to the sample surface, 
environmental aspects, and cost aspects are considered to be problems. 

In this paper, we describe about surface modification of PET using deep UV light. Mercury lamps are 
the most common deep-ultraviolet light sources, but their production is prohibited by law in Japan due 
to the toxicity of mercury. Therefore, we determined using a promising deep-ultraviolet LED light 
source. In the experiment, three deep-ultraviolet LEDs with emission wavelengths of 265 nm, 280 nm, 
and 310 nm, respectively, were irradiated to PET surfaces up to an integrated energy of 1000 J/cm² in 
air. A hydrophilicity, which is an index of adhesion, was evaluated by measuring the contact angle of 
the PET surface. The change of contact angles depend on the wavelength and the integrated energy of 
the LED as shown in Figure 1. The contact angle was measured six times and taken as the average value. 
The contact angle of the non-irradiated sample was about 75° (Fig. 2(a)). In the case of 265 nm LED, 
the contact angle decreased sharply with the start of irradiation, reaching 5° or less at around the 
integrated energy dose of 350 J/cm², and then remaining almost constant (Fig. 2(b)). With the 280 nm 
LED, the contact angle decreased to around 5°at an integrated energy of 750 J/cm²and then became 
constant. On the other hand, the change of contact angle was not observed by 310 nm LED irradiations. 
These results suggest that it is possible to hydrophilize the PET surface by using deep UV LED light, but 
it is dependent on the irradiation wavelength. Surface analysis by X-ray photoelectron spectroscopy 
(XPS) revealed that hydrophilic groups were formed on the PET surface by wavelength-dependent 
photochemical reactions induced by deep-ultraviolet light irradiations.  

A part of this work was supported by JSPS KAKENHI Grant Number 22K04199.  

Fig. 1. Integrated energy dependence  
of contact angles 
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Glass materials possess unique features with the disorder of atomic structure and uniformity of 
macroscopic performance[1]. Metal-organic frameworks (MOFs) represent a unique class of hybrid 
materials, comprising metal nodes and coordinating organic linkers. Ordered MOF materials on 
surfaces have been extensively explored using techniques such as scanning tunneling microscopy (STM) 
under ultra-high vacuum (UHV). Recently, there has been increasing interest in MOFs with structural 
disorder[2] and in the examination of amorphous two-dimensional (2D) structures on surfaces. 
Although numerous studies have been conducted on related topics, researches in the field of 2D MOF 
glasses on surfaces remain relatively limited. In this poster, we demonstrate a bottom-up approach to 
constructing 2D MOF glasses on metal surfaces. We selected two organic molecule linkers with identical 
symmetry but varying sizes and prepared two-component samples with different stoichiometric ratios 
on a Cu(111) substrate using a high-throughput preparation method[3]. Consequently, monolayer MOF 
glass networks were formed through the coordination of Cu atoms and organic linkers at a range of 
stoichiometric ratios. We also investigated the influence of annealing temperature on the fabrication 
of the MOF glass. The amorphous networks were directly imaged by UHV-STM with sub-molecular 
resolution, enabling the quantification of its disorder degree and other structural properties. Moreover, 
we employed Monte Carlo simulations to comprehend the formation of the MOF glass on surfaces. The 
findings of this study may enhance our understanding of the formation mechanism of monolayer MOF 
glasses on surfaces, promoting the exploration and design of novel MOF materials with desired 
properties. 

 

Fig. 1. Schematics of the formation of the 2D MOF glass by stochiometric design. 

 
[1] Yang, Yao, et al., Nature, 592, 60–64 (2021). 
[2] Fonseca, Javier, et al., Journal of Materials Chemistry A, 9.17, 10562-10611 (2021). 
[3] Lu, Jiayi, et al., ACS nano, 16.8, 13160-13167 (2022). 
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The application of supramolecular chemistry on solid surface is a subject of wide interest, and has
received extensive attention in the past few decades. Hitherto, combining experiments with quantum
mechanical or molecular dynamic methods represents the key strategy to explore the molecular self-
assembled structures[1], which is however a time-consuming and labor-intensive process. Recently,
machine learning (ML) has become one of the most exciting tools in material researches, allowing for
both efficiency and accuracy in predicting molecular properties.

In this work, we focus on constructing a graph neural network (MatErials Graph Network, MEGNet[2])
framework to predict the self-assembled structures of functional polycyclic aromatic hydrocarbons
(PAH) on metal surfaces. Using scanning tunneling microscopy (STM), we characterized the self-
assembled structures of a homologous series of PAH molecules on the surfaces of Au(111), Ag(111),
and Cu(111) to construct an experimental dataset consisting of 30 samples. Compared to traditional
ML models, our model exhibits better predictive performance. Finally, the excellent generalization
ability of the model is further verified by a new functionalized molecule. Our results demonstrate
that the MEGNet algorithm can be combined with limited experimental samples to produce
predictive model for molecular self-assembly on surfaces, and also provide insights for the rational
design of molecular self-assembly with PAH as functional materials.

Fig. 1. Self-assembly of molecules on metal surfaces.

[1] Packwood, D. M.; Han, P.; Hitosugi, T., Nat. Commun., 8: 14463, (2017).Shyue Ping Ong.

[2] Cheng, C.; Ong, S. P. et al., Chem. Mater., 31: 3564−3572, (2019).
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The fact that N-Heterocyclic carbenes (NHCs) have improved oxidative and chemical robustness, 
relative to the industry standard thiol [1], has engendered a research effort to understand their on-
surface properties.  They are, therefore, an exciting class of molecules for bottom-up nanoscale 
fabrication. Along with the improved stability of the molecular overlayer, NHCs are easier to 
chemically modify than their thiol counterparts, with independent substitutions at the wingtip and 
backbone sites of the heterocycle possible. These substitutions create an opportunity to tailor the 
intermolecular interactions, surface interactions, packing density, and facile characteristics of the 
overlayer. Two general themes of research have emerged from wingtip substitutions: smaller alkyl 
wingtips and larger aromatic wingtips. Early results demonstrated that increased wingtip bulk led to 
upright NHCs on the surface [2], more recent work has been concerned with how wingtips affect 
diffusion and self-assembly.   
  

The self-assembly of adatom-bound NHCs is presumed to be decoupled from the surface, with the 
adsorbates moving in a ball-bot motion [3]. However, low-coverage studies of di-isopropyl 
benzimidazole have revealed that the Au(111) herringbone reconstruction leads to preferential 
adsorption in the fcc regions, as expected, and directs the ordering of SAMs along its surface Burgers 
vectors. Furthermore, the packing of 1,3-diisopropyl benzimidazole (NHCiPr) on Au(100) is shown to 
follow its surface Burgers vectors. A meta-analysis of several surfaces elucidated a trend of surface 
reconstruction-driven self-assembly of alkyl-wing tipped NHCs and an interesting set of isomorphisms 
that are best described by reductions in primary surface groups [4].   
  
[1] Crudden et al., Nat Chem, 5, 409-14(2014).  
[2] Larrea et al., Chemphyschem, 24, 3536-3539(2017).   
[3] Wang et al., Nat Chem, 2, 152-156(2019).   
[4] Jenkins and Pratt, Surface Science Reports, 62, 373-429(2007).  
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The adsorption mechanism of amino acids and peptides on TiO2 substrate has been studied in many 
ways, in situ or ex situ, including AFM, STM, FTIR, SFG, and DFT… Here we present a study of the 
adsorption of Tyrosine-Alanine (Tyr-Ala) dipeptide and Tryptophan (Trp) onto rutile TiO2 (110) single 
crystal characterized by X-ray photoelectron spectroscopy (XPS) and near-edge X-ray absorption fine 
structure spectroscopy (NEXAFS), carried out at the MATLINE of University of Aarhus, Denmark.  

The XPS spectra in Figure 1 (left) show the same chemical composition ratio for thin and thick layers, 
indicating that the dipeptide was adsorped on the substrate surface without beam damage. In the 
meantime, the calculated thin film thickness is 0.2 nm, which suggests a monolayer was formed on the 
surface.  

The carbon K-edge NEXAFS spectra recorded from thin and thick-dosed Tyr-Ala rutile TiO2 (110) single 
crystal are shown in Figure 1. The thin layer spectrum shows an angular dependence, while the thick 
layer shows more bulk structure features. By fitting the data to the Stöhr equation, we believe the ring 
is lying on the TiO2 surface.  

 

Fig. 1. C 1s XPS spectra of Tyr-Ala thin and thick layer (left) and Carbon K-edge NEXAFS spectra of Tyr-Ala thin (a) 
and thick (b) layer adsorbed on rutile TiO2 (110) single crystal surface.  
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Tetrapyrroles such as porphyrins and their metal complexes play important roles in living organisms 

and for various modern technologies, such as energy storage, (electro-)catalysis and sensor systems. 

While the surface and interface chemistry of transition metal complexes of tetrapyrroles has been well 

studied in the last decades, [1] much less is known about their complexes with alkali metals.[2, 3] Here, 

we report studies of the reaction of tetraphenylporphyrin (H2TPP) thin films with vapor-deposited 

caesium in the multilayer and (sub-)monolayer regimes on Ag(111). N 1s X-ray photoelectron 

spectroscopy (XPS) data indicate a full conversion of H2TPP to Cs2TPP in the sub-monolayer at 300 K. In 

contrast, no reaction was observed in the complete H2TPP monolayer independent of the amount of 

Cs. Scanning tunneling microscopy (STM), however, shows that the Cs atoms nevertheless coordinate 

with the porphyrin molecules. Upon annealing to 400 K, complete conversion to Cs2TPP is observed 

also in the monolayer. Additional DFT calculations suggest that the Cs2TPP complex has a bipyramidal 

structure with Cs ions on both sides of the molecular plane, which is in line with STM measurements. 

For the H2TPP multilayer, XPS data shows that only a small amount of H2TPP reacts at 300 K and a full 

conversion occurs only after annealing to 400 K. In complementary multilayer temperature-

programmed reaction (TPR) experiments, the desorbing species were clearly identified by mass 

spectrometry as Cs2TPP. TPR also indicates that Cs2TPP is thermally stable up to at least 600 K. Our 

study demonstrates the successful on-surface metalation of H2TPP to Cs2TPP through the reaction with 

vapor-deposited caesium, shedding light on the on-surface coordination chemistry of heavy alkali 

metal tetrapyrrole complexes. 

 

[1] Gottfried, J.M., Surf. Sci. Rep., 70, 259–379 (2015). 

[2] Schöniger, M. et al., Chem. Commun., 55, 13665–13668 (2019). 

[3] Yi, Z. et al., Precis. Chem. (2023), DOI: 10.1021/prechem.3c00014. 
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The aim of this work is to synthesize and study the properties of nanocomposite structures created by 
nanoparticles of noble metals (gold, silver), an interesting class of materials with unique properties that 
differ from both bulk and atomic behavior [1–3]. The nanoparticles self-assemble in/on an organic 
molecular thin film (OMTF) of partially fluorinated copper phthalocyanine (FxCuPc, x=0; 4). The 
structure and morphology of this material, depending on the amount of deposited metal, were studied 
in UHV conditions using the HRTEM and HRPES methods. Metal atoms deposited on the surface of an 
organic substrate diffuse into the substrate, forming NPs with a narrow size distribution that correlates 
with the amount of deposited metal. Using HRTEM [2], the distance between the atomic planes of 
individual silver nanoparticles was determined (Fig. 1a) and a stable collection of individual 
nanoparticles into agglomerates and then into nanocrystals with intercrystallite boundaries was 
observed (Fig. 1b). On the whole, PES revealed a weak interaction of silver NPs with the organic matrix. 
However, in an organic film with small coatings of metal atoms, a strong upward bending of the band 
was observed. We also present the fabrication and study of the properties of nanocomposite structures 
consisting of two-dimensional (2D) silver nanoobjects self-organizing on the surface of an organic 
molecular thin-film copper tetrafluoro-phthalocyanine (CuPcF4) [3]. Metal atoms deposited under 
ultra-high vacuum (UHV) conditions on OMFT diffuse along the surface and self-assemble into a system 
of two-dimensional metallic overlayers, while most of the silver atoms diffuse into the organic matrix 
and self-assemble into three-dimensional nanoparticles in a well-defined manner [3]. 

Fig. 1. HRTEM image of single defect free silver NP surrounded with organic matrix and formed after nominal 
silver deposition of about 0.4 nm. (b) HRTEM image of silver NPs observed after nominal silver deposition of 

about 8.5 nm. The central NP is formed as the result of coalescence of the few ones. 
 
[1] S. V. Babenkov et al., Organic electronics, 32, 228 (2016). 
[2] O. V. Molodtsova et al., Appl. Surf. Sci., 506, 144980 (8) (2020). 
[3] O. V. Molodtsova et al., ACS Omega, 5, 10441 (2020). 
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Exotic quantum matter and in particular topological insulators (TI) have recently drawn more and 
more attention due to their fascinating electronic properties [1,2]. Heterostructures of these 
materials with other phases of matter (e.g., superconductors, organic molecules or a precise 
arrangement of spins/metal atoms) are highly interesting candidate structures for a variety of 
applications in new quantum devices and thus of considerable interest for optoelectronics, quantum 
computing, or spintronics [3]. 

In a three-dimensional (3D) TI strong spin-orbit coupling (SOC) combined with time–reversal 
symmetry (TRS) leads to a band gap inversion and thus to a topologically protected surface state (TSS) 
with linear dispersion characteristic for Dirac fermions. Whereas surface perturbations that maintain 
TRS (e.g., surface defects or chemical impurities) cannot induce backscattering of electrons and thus 
do not influence the nearly dissipation-less current at the surface, periodic arrays of 
ferromagnetically coupled transition metal (TM) atoms are predicted to spontaneously break TRS [4] 
and induce a band gap opening at zero magnetic field (i.e., a quantum anomalous Hall effect, QAHE). 
A 2D metal-organic framework (MOF) of spin-coupled TM atoms ordered by the right organic linkers 
could be such a candidate. 

Here, we present an initial step to reach this goal on the topological insulator surface of Bi2Se3(0001). 
We report on the self-assembly of dicyanoanthracene (DCA) molecules on the Bi2Se3(0001) surface as 
a first step for the generation of a 2D metal-organic framework on a topological insulator. We apply a 
variety of surface science techniques (LEEM, LEED, STM, XPS, ARPES) to investigate and characterize 
the formation of DCA islands from small to monolayer coverages on the TI surface. This combination 
of techniques first allows us to study (live view) island growth at the mesoscale (LEEM) followed by 
information on the precise molecular arrangement at the molecular (atomic) level within one island 
(LEED and STM). Complementary to this, we investigate the chemical environment by in-situ XPS and 
finally give information on the changes of the electronic properties of the surface (via (in-situ) 
ARPES). 

Acknowledgement: This research has been funded by the European co-funded IMPROVE V initiative, 
project No. CZ.02.01.01/00/22_010/0002552 as well as by the GAČR, project No. 22-04551S. We 
especially thank Čestmir Drašar from the University of Pardubice, CZ, who fabricated the used Bi2Se3 
samples for us. Finally, we acknowledge the CzechNanoLab Research Infrastructure (LM2023051) 
supported by MEYS CR for access to the experimental facilities and financial support. 
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[1] Y. Tokura et al., Nat. Rev. Phys., 1, 126–143 (2019). 
[2] A. Bansil, H. Lin, T. Das, Rev. Mod. Phys., 88, 021004 (2016). 
[3] Yuan et al., Solid State Comm., 206, 31–37 (2015). 
[4] M. M. Otrokov, E. V. Chulkov, A. Arnau, Phys. Rev. B, 92, 165309 (2015). 
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Zeolites containing transition metals can possess the active centers both redox and acidic functionality, 
whose complementary activity enables acting as an efficient catalysts in various chemical reactions. 
Silver active sites are of particular interests due to easy adjustment of their valence state and dispersion 
to the requirement of the catalytic reaction. Silver sites can bear a form of isolated Ag+ cations, 
positively charged Agn

δ+ clusters of various sizes, as well as reduced Ag0 atoms and larger metallic Agn
0 

clusters, including nanoparticles NP. This diversity of the silver forms is reflected in the different 
catalytic properties, therefore the precise determination of the properties of silver centers is one of 
the primary goal when debating on their catalytic activity [1]. Zeolites containing silver ions Ag+ in 
exchangeable positions can serve as the active sites in aromatization of alkanes, alkenes and methanol, 
whereas Agn

δ+ silver centers catalyze the conversion of methane to propene in the presence of ethylene 
[2,3]. Silver catalysts are also widely used in the selective catalytic reduction of nitrogen oxides [4]. 

UV-vis spectroscopy provides essential information on the oxidation and aggregation state of silver 
sites and the nature of the ligands coordinated. These research focused on the oxidation and re-
reducibility of silver under air, nitrogen, and hydrogen flow, in the temperature range of 25-500oC. The 
zeolite tested, AgZSM-5, was subjected to various methods of post synthesis modifications: washing 
with acetone and calcination. Our studies shown that silver sites tend to aggregate to Agn

δ+  to the 
greatest extent at 350oC then they undergo reduction above 400oC. It has been observed that the 
preparation of the catalyst has significant impact on the status of silver and its behavior under the 
influence of temperature and environment. Washing with acetone favours the aggregation and 
reduction of silver, whereas calcination helps to preserve the silver status under the influence of 
temperature. 

Acknowledgement: The research was carried out with the financial support of the Faculty of Chemistry 
as part of the Strategic Program Initiative of Excellence at the Jagiellonian University. 

 
Fig. 1. UV-vis spectra of AgZSM-5 washed with water, calcined and N2-treated (left), washed with acetone and 

N2-treated (middle) and washed with acetone then reduced with H2 (right). 
 
[1] C.W. Lopes et al., J.  Mater. Chem. A, 9, 27448, (2021) 
[2] Y. Inoue,  K. Nakashiro, Y. Ono,  Micropor. Mesopor.Mater., 4, 379 (1995) 
[3] T. Baba, Y. Iwase, K. Inazu, D. Masih, A. Matsumoto, Micropor. Mesopor.Mater., 101, 142 (2007) 
[4] F. Can, X. Courtois, S. Royer, G. Blanchard, S. Rousseau, D. Duprez, Cat. Tod., 197, 144 (2012)  
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Improving the photocatalytic properties of various types of metal oxides is becoming increasingly 

important in terms of environmental factors. Herein, various transition-metal-ion-doped reduced 

graphene oxide (rGO) samples were synthesized and characterized using X-ray absorption spectroscopy 

to investigate their electronic structures. Transition metal ion doping produced several defect 

structures at the oxygen functionalities of rGO nanocomposites. Such defect structures were well 

correlated with their photocatalytic activity; Cr@rGO and Fe@rGO exhibited decent activities among 

the tested rGO samples in the photocatalytic degradation of selective oxidation of 

2,5hydroxymethylfurfural. To test the environmental factors, cytotoxicity tests were performed by 

incubating the modified rGO with human skin cells; Fe@rGO was found to be the least toxic. Therefore, 

Fe@rGO nanocomposites displayed both enhanced photocatalytic activity and environment-friendly 

character as compared to the bare rGO, indicating that it is a plausible candidate for application in the 

petrochemical transformation of biomass without environmental concerns.  

 

  
Fig. 1. Transition metal dopant dependent rGO nanocomposites by investigating the photocatalytic oxidation of  

2,5-hydroxymethylfurfural (HMF)  
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The presence of oxygen atoms on a Cu(111) surface strongly reduces the activation barrier for water 
dissociation, as compared to bare Cu(111). In this work, we present a direct experimental observation 
of the hydrogen abstraction mechanism for H2O dissociation on a O/Cu(111) surface using reflection 
absorption infrared spectroscopy (RAIRS). By dosing 18O2(g) onto a Cu(111) single crystal, we create a 
partially oxidized 18O/Cu(111) surface, which is subsequently exposed to a flux of H2

16O molecules, 
resulting in the detection of two RAIRS peaks assigned to 18OH(ads) and 16OH(ads). With continued 
H2

16O exposure, the 18OH(ads)  RAIRS signal decreases rapidly while the 16OH(ads) signal continues to 
increase, indicating a disproportionation reaction of the adsorbed hydroxyl species, resulting in net 
desorption of H2

18O(g) and replacement of 18O(ads) by 16O(ads). 

 
 

 
 
 

Figure 1. RAIR spectra of UHV background H216O exposure to Cu(111) pre-covered with 
0.07ML of 18O(ads); a)-f) were taken with UHV background pressure of H2O P < 2×10-11mbar; 
g)-i) – after the introduction of PH2O~7×10-10mbar; one can clearly observe both peaks are 
present initially but 18OH disappears immediately after the leak valve is opened 
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The growing need for an environmentally friendly energy source such as hydrogen accelerates 
researches developing hydrogen production technologies toward low CO2 emission. One of the 
promising approaches can be those employing pyrolysis of hydrocarbons into molecular H2 and solid C, 
as no CO2 is liberated as a by-product during the process. However, the use of solid catalysts in this case 
is limited due to the facile deactivation by carbon deposition. As an alternative technology to overcome 
such a limitation, liquid catalysts have been proposed to be a reliable solution when developing them 
to be a process for a large-scale H2 production. Here, we present our recent studies on pyrolysis of 
hydrocarbons such as methane and polyethylene (plastics) in molten liquid catalysts composed of 
metallic alloys and salts. 

We have found several interesting aspects of the pyrolysis of hydrocarbons in molten media. First, we 
have observed that the catalytic activities of molten alloys and salts at the gas-liquid interface are 
important for the enhanced catalytic performance, which can be stable for several days without 
deactivation as a result of spontaneous separation of solid carbon, which floats on the surface of 
molten media. This aspect makes the process promising for a large-scale H2 production method. Second, 
the overall conversion of hydrocarbon can be enhanced when the gas-solid interfacial area is large 
(large surface area) and the residence time of gas bubbles is sufficiently long within the molten media. 
Our recent studies performed in molten NiSn alloy clearly show the effect of the bubble size on the 
overall conversion of CH4 [1]. Third, the solid surface in contact with the molten media can provide 
catalytically active surface sites for CH4 pyrolysis. In our studies carried out with zirconia NiSn alloy [1], 
the spargers were found to have an additional effect of enhancing the quality of carbon product, which 
showed more graphitic nature when zirconia sparger was used.  

The above approaches can be extended further to the pyrolysis of hydrocarbons in solid forms, such as 
plastics. Here, the catalytic role of molten catalysts plays an important role. At the same time, residence 
time and the interfacial contact area play a dominant role in enhancing conversion. The design of 
reactors for extended reaction probability and optimization of reaction conditions can provide a chance 
of developing processes for the conversion of waste plastics into useful chemicals such as H2 and carbon. 

This research was supported by NRF-2021M3D3A1A01079484 (C1 Gas Refinery Program) and 

NRF2022M3J5A1085252 through the National Research Foundation of Korea (NRF) funded by the 
Ministry of Science and ICT. 
 
[1] Jina Kim et al., Carbon, 207, 1-12 (2023).  
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Research in the field of photocatalysis has attracted much attention in the last two decades due to its 
potential applications in water purification, water splitting, or self-cleaning treatments [1]. Typical 
semiconductor materials used in photocatalytic experiments, such as TiO2 and ZnO, have a major 
drawback in that they can only absorb UV light and their efficiency is greatly reduced under sunlight. 
Another disadvantage of these materials is a relatively high recombination rate of the photogenerated 
electron-hole pairs, characteristic of pure semiconductors, which can reduce drastically the 
photocatalytic efficiency of the material [2]. Therefore, the improvement of the photocatalytic ability 
of TiO2 and ZnO requires expansion of the optical absorption to some larger portion of the visible light 
and reduction of the recombination rate of the photogenerated electronhole pairs. These goals can be 
achieved with several methods. One approach includes doping of ZnO with various alkali, transition, 
noble or rare earth metals or non-metallic elements [3].   
  

In the preset study, we investigate the influence of Cu dopants on the photocatalytic properties of ZnO 
thin films grown by atomic layer deposition (ALD) technique. Scanning electron microscopy (SEM) and 
x-ray diffraction (XRD) measurements reveal polycrystalline structure of our samples, typical for ALD 
synthesized ZnO films, with the crystallinity of samples degrading with the increased Cu content. X-ray 
photoemission spectroscopy (XPS) analysis shows that copper is present as Cu+ in all doped samples. 
Cu-doped ZnO films show enhanced optical absorption in the visible region, with the presence of 
metallic Cu in the samples with the relative Cu content higher than 1%, as established from XRD and 
UV-vis measurements. Samples with the low Cu content (< 1%) exhibit ptype conductivity, as 
established from Hall measurements, indicating that Cu impurities mostly occupy substitutional 
acceptor sites (CuZn). On the other hand, conductivity reverses back to n-type for the samples with the 
Cu content higher than 1%. Cu-doped ZnO films show enhanced photocatalytic efficiency under 
simulated sunlight irradiation, that can be attributed to increased light absorption in the visible region 
and the low charge carrier concentrations leading to the reduced electron-hole recombination rate. 
However, the presence of metallic Cu and reduced crystallinity in the samples with the high Cu content 
leads to the decrease in their photocatalytic activity.   
   
[1] K. Qi, B. Cheng, J. Yu, W. Ho, Journal of Alloys and Compounds, 727, 792 (2017)   
[2] S. Goktasa, A. Goktas, Journal of Alloys and Compounds, 863, 158734 (2021)   
[3] M. Samadi, M. Zirak, A. Naseri, E. Khorashadizade, A.Z. Moshfegh, Thin Solid Films, 605, 2 (2016)    
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Design at the molecular level and fabrication of new unconventional semiconducting nanocatalysts 

and the control of their electronic structure opens up new opportunities in the field of modern 

catalysis. 

Here we concentrate on the electronic (electrical and photoelectrical) properties of well-known CoO-

C thin-film catalysts created in a cold-plasma deposition process [1], in which self-assembling of 

qualitatively different phases like nanocrystalline semiconductor (nc-S) grains of CoO dispersed in 

amorphous semiconductor (a-S) carbon matrix occurs. At the interface of both phases, we expect a 

formation of (nc-S-a-S) heterojunctions of which electronic structure we will explore.  

Based on the study of electrical conductivity and its activation energy, as well as photoelectrical 

properties, an attempt will be undertaken to present the electronic band structure of these 

heterojunctions. It will allow us to determine the charge transport occurring on them and, further, to 

relate it with catalytic properties. 

 

[1] H. Kierzkowska-Pawlak, J. Tyczkowski, J. Balcerzak, P. Tracz, Catalysis Today, 337, 162 (2019). 
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The BODIPY dyes are well-known to be highly emissive [1]. However, their fluorescence rate and 
nonradiative properties can be adjusted by the incorporation of suitable substituents with the 
appropriate reduction potential. Moreover, previous studies have demonstrated that the enhancement 
of spin-orbit couplings, by the introduction of heavy atoms, leads to accessible long lived triplet states. 
The presence of methyl groups in the 1,7-positions of the BODIPY core hinders rotation of the phenyl 
group in the meso-position, which reduces non-radiative decay to the ground state. The tunability of 
these physical properties facilitates the use of BODIPY dyes as photosensitizers, for example in the 
scope of photocatalytic hydrogen production [2]. 

In this study, excited states energies of meso-phenyl-2,6-iodine substituted BODIPY dyes are examined 
using TDDFT calculations with five different exchange-correlation functionals and using the ab initio 
method STEOM-DLPNO-CCSD. Moreover, the effects of a solvent were described with the polarizable 
continuum model using the linear response approach as well as the state-specific method for the 

lowest singlet (S1) and triplet (T1) excited states. The characters of the excitations (π→π*, charge 

transfer, dissociative) were investigated for a non-substituted phenyl group (BOD-Ph, Fig 1), and for the 
phenyl group substituted at the para position with an electron withdrawing group (NO2) or an electron 
donating group (OH). In the final step, we elucidate the light-induced relaxation pathways accessible 
upon excitation leading to catalytic performance or degradation of the dyes. 

 

 

Fig. 1. Light driven hydrogen production using a Bodipy dye. 

 
 [1] R. Cane E. Sia, R. Arturo Arellano-Reyes, T. E. Keyes, and J. Guthmuller, Phys. Chem. Chem. Phys. 23 (2021) 26324-26335, 
Radiative lifetime of a BODIPY dye as calculated by TDDFT and EOM-CCSD methods: solvent and vibronic effects. 
[2] D. Costabel, A. Nabiyan, A. Chettri, F. Jacobi, M. Heiland, J. Guthmuller, S. Kupfer, M. Wächtler, B. Dietzek-Ivanšić, C. Streb, F. 
H. Schacher, and K. Peneva, ACS Appl. Mater. Interfaces 15 (2023) 20833-20842, Diiodo-BODIPY Sensitizing of the [Mo3S13]2− 
Cluster for Noble-Metal-Free Visible-Light-Driven Hydrogen Evolution within a Polyampholytic Matrix. 
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Polyolefins (polypropylene, polyethylene, rubbers) are characterized by low wettability due to their 

chemical structure composed only of carbon and hydrogen atoms [1]. This property limits the use of in 

the term of painting, adhesive bonding, electrochemical plating or lamination [2].  

There are some methods to increase bondability of polyolefins: flame activation, corona discharges, 

plasma treatment, radiation and laser etching or chemical activation [3-5]. Among the chemical 

treatment techniques, the application of adhesive primers is of particular interest [6].  

This method is not common in the industry, but has many advantages: low cost due to low wear, primers 

no damage to the surface, can be used in large or small scale of production, with manual or automatic 

applying, do not need to set activation parameters and they can be used for variety of materials.  

Most popular primers for polyolefins contain active substance based functionalized polyolefins: 

chlorinated or non-chlorinated polyolefins [7]. Chlorinated polyolefins are expensive and unstable in 

air. Chlorine compounds may be harmful to workers and affect the environment. We have found that 

polypropylene grafted maleic anhydride can be a good alternative. This material is cheap and readily 

available commercially. We would like to present our mechanical analysis of the use of primers based 

on polypropylene modyfied maleic anhydride in adhesive joints (PP substrate / PE adhesive tape with 

acrylic adhesive / PP substrate). We took into account: the concentration of the active substance, the 

degree of grafting of polymers with maleic anhydride, the effect of the solvent, the temperature of 

applying the solution and the force and pressure time of the hydraulic press.  

  
Fig. 1. Cohesive failure of samples coated with new primers based on polypropylene grafted maleic anhydride 

  
[1] F. Awaja, M. Gilbert, G. Kelly, B. Fox, R. Brynolf, P.J. Pigram, Appl. Mater. Interfaces, 2, 1505-1513 (2010).  
[2] N. Encinas, M. Pantoja, J. Abenojar, M.A. Martínez, J. Adhes. Sci. Technol., 24, 2517-2534 (2010).  
[3] M. Hamdi H.N. Saleh, J.A. Poulis, J. Adhes. Sci. Technol., 34, 1853-1870 (2020).   
[4] F. Leroux, C. Campagne, A. Perwuelz, L. Gengembre, J. Colloid Interface Sci., 328, 412-420 (2008).   
[5] E.M. Liston, L. Martinu, M.R. Wertheimer, J. Adhes. Sci. Technol., 1091-1127, 7 (1993).   
[6] A. Ryntz, Prog. Org. Coat., 214-254, 27 (1996).   
[7] R.J. Clemens, G.N. Batts, J.E. Lawniczak, K.P. Middleton, C. Sass, Prog. Org. Coat., 43-54, 24 (1994)   
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Nanoparticles (NPs) have attracted a lot of attention in many fields of research (e.g. chemistry, biology, 
material and environmental sciences) in recent years [1]. Depending on their size, geometrical shape 
and composition, NPs can have various applications and can be synthesized by different methods. One 
of the NP synthesis methods is pulsed laser ablation in liquid (PLAL) which can be used to produce NPs 
of any kind of material including metals, alloys and semiconductors [2]. The PLAL synthesized 
nanoparticles are charged and free of surfactants, thus their colloids are very stable and pure. PLAL 
NPs have showed a great potential as plasmonic photosensitizers [4]. Even though photovoltaic systems 
have high efficiency, there are still some restrictions such as the wide bandgap of the semiconductor. 
Heterojunctions containing plasmonic materials are taken into consideration [5] in order to expand the 
light absorption spectrum of semiconductors due to their capacity to effectively absorb visible light by 
excitation of plasmon waves. By selecting the proper material and size, it is possible to tune the 
plasmon resonance of NPs, which can result in a photocurrent that is no longer constrained by the 
semiconductor band gap.  

The aim is to improve the NP/semiconductor interface's injection efficiency taking advantage of PLAL 
NPs in which stable colloids can be produced without the presence of surfactant molecules. In this 
context, it could be possible to accurately adjust the chemical composition of the NP/semiconductor 
interface in order to maximize the electron injection efficiency through a controlled alteration of the 
potential barrier in the range of a few fraction of eVs [7].   

We first studied an interlayer composed of NaBr halide to understand its influence on the metallic 
substrate.  The surface of a Au(100) single crystal is progressively covered in situ with NaBr using an 
effusion cell. The corresponding coverage is evaluated by XPS and, UPS is used for work function 
measurements. We observed that as we increase the coverage, the work function of the metal 
decreases. The morphology of the NaBr halide layer is visualized by in-situ STM measurements. 
Secondly, to produce high quality heterojunctions from colloidal solutions of PLAL Au NPs and avoiding 
aggregation as much as possible, an electrospray was used to deposit NPs under UHV on the TiO2 
surface directly from the NP stock solution. The deposited NP layer was characterized using XPS, UPS 
as well as ex-situ AFM to evaluate its coverage on TiO2 substrate. 
   
[1] V. Amendola et al., J. Phys. : Condens. Matter, 29, 203002 (2017) 
[2] D. Amans et al., Applied Surface Science, 488, 445-454(2019) 
[3] Streubel et al., Nanotechnology, 27, 205602 (2016) 
[4] H. Tang et al., J. Chem. Phys. 152, 220901 (2020) 
[5] D. C. Ratchford et al., Nano Letters, 17, 6047 (2017) 
[6] T. Roman et al., Phys. Chem. Chem. Phys., 16, 13630 (2014) 
[7] G. Cabailh et al., New J. Phys., 14, 103037 (2012) 
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Inflammation is defined as the complex processes of the body's response to external or internal 
damaging factors. Physiologically, inflammation has a protective function in the body. In some cases 
(e.g. in the chronic course) inflammation becomes a pathological condition and can lead to the 
development of many disorders, including autoimmune diseases and progression of cancers [1]. Early 
detection of inflammatory markers can significantly affect the course of treatment in a positive 
direction. Therefore, an attempt was made to develop a sensor that could be used to detect 
inflammatory proteins in real time and ultimately inside the body (in vivo). Optical fibers were used, 
due to the possibility of miniaturization of the sensor and rapid detection with high sensitivity [2]. 

The main aim of the research was to modify the oxide surfaces deposited at the end of the optical fiber 
to enable the study of molecular interactions and the detection of inflammatory markers.  

The oxide surfaces (HfO2, ITO, SiO2) were modified with the silanes (3-aminopropyl)triethoxysilane 
(APTES) or 3-(triethoxysilyl)propylsuccinic anhydride (TESPSA) forming layers of the functional groups  
-NH2 or -COOH, respectively. The effectiveness of the process was analyzed using X-ray photoelectron 
spectroscopy, among other techniques. On the modified surfaces, antibodies were immobilized and 
the efficiency of the process was evaluated using fluorescence microscopy. A fiber optic sensor was 
fabricated based on the obtained optimization results. Molecular interaction studies were performed, 
during which changes in the spectrum in the wavelength range of 1500-1600 nm were analysed. 

As a result, we conclude that a fiber optic sensor for detecting inflammatory markers has been 
obtained, which after further research has a chance to be used for in vivo analyzes. 

The research was financially supported by the National Science Center (Poland), OPUS 18 no. 
2019/35/B/ST7/04388. 
 
[1] Choi et al., Molecules, 7, 1554 (2020) 
[2] Rezapour Sarabi et al., Lab on a Chip, 4, 627 (2021) 
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Semiconducting transition metal silicides have generated interest for applications in optoelectronics, 
photovoltaics, and thermoelectrics. In the family of ruthenium silicides, two semiconducting compounds, 
Ru2Si3 and RuSi, have received most attention. Ru2Si3 is a very stable material, that is for example formed 
when annealing Ru layers on Si surfaces [1]. Very little is known, however, about the highly interesting 
surface properties of these materials. One difficulty is that thin silicide layers are difficult to distinguish 
from coexisting elemental Ru and Si using surface-sensitive methods, such as X-ray photoelectron 
spectroscopy (XPS).  

Here we present an approach that allows to identify the nature of Ru-Si compounds in the surface region. 
In a comparative study of pulsed-laser-deposited Ru/Si(100) layers and Ru-Si multilayer stacks, which are 
converted to silicides by annealing, we use a combination of XPS and grazing-incidence X-ray diffraction 
(GI-XRD) to show that the energy loss of the photoelectron due to the excitation of a plasmon in the 
material displays a characteristic shift with silicide formation. The electron energy losses between 
approximately 22 eV (Ru2Si3) and 25 eV (RuSi) for the silicides can easily be distinguished from elemental 
Si and Ru at approximately 16.5 eV and  29.5 eV, respectively. For intermediate compositions, a 
monotonous shift towards lower plasmon losses is observed with increasing Si content. This pathway of 
characterizing silicide materials shows several technologically relevant applications, for example the 
identification of the Ru-Si phases upon oxidation of silicide coatings or the demonstration of interdiffusion 
and silicide formation at delaminated interfaces [2]. 

Figure 1. Extended-range Ru 3d spectrum of Ru/Si(100) (purple) and three silicide phases of different composition. The electron 
energy loss due to the excitation of a plasmon is characteristic for the silicides and decreases with increasing Si content (see inset). 

References:  

[1] V. E. Borisenko,  Semi-conducting Silicides (Springer, Berlin, 2000), p 107. 
[2] A. Troglia et al. Free-standing Nanolayers based on Ru Silicide Formation on Si(100). Phys. Rev. Mat. (accepted). 
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Production of ammonia by surface reactions of H and N atoms on catalytic surfaces may be an 
important medium for safe hydrogen storage. The H and N atoms are expected to interact on catalytic 
surfaces forming NH3 molecules. The interaction efficiency was studied at room temperature in a 
laboratory setup consisting of two separate sources of H or N atoms. The source of H and N atoms was 
microwave hydrogen and nitrogen plasma. The production of ammonia was measured in the afterglow 
chamber with a calibrated residual gas analyzer, whereas the density of H and N atoms was measured 
by a calibrated catalytic probe [1]. The ammonia production was relatively efficient and it depended 
on the type of the selected catalytic material, i.e., nickel and cobalt, and on the fluxes of both atoms 
onto the surface. It was found that the higher H-atom flux at a constant N-atom flux caused an increase 
in ammonia production (Fig. 1). The efficiency of ammonia formation was expressed in terms of the 
fraction of N-atoms transformed to NH3 molecules. The highest efficiency of up to 45% was found for 
nickel. Same as in Haber-Bosch process, the formation of ammonia was explained by heterogeneous 
surface interaction between adsorbed N and H atoms. 

 

Fig. 1. Ammonia partial pressure versus partial pressure of hydrogen atoms in the reaction chamber from 
various metals. The partial pressure of nitrogen atoms was 0.49 Pa [1]. 

 
[1] Zaplotnik R., Drenik A., Vesel A., Mozetič M., Nuclear Fusion, in press (2023), 
https://iopscience.iop.org/article/10.1088/1741-4326/acd1a1  
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Molecular beam epitaxy (MBE) is a powerful tool in modern thin film technologies. In the traditional 
MBE technology all elementary steps are controlled by substrate temperature, deposition rate and 
partial pressure of reactive gases. Applying the magnetic fields (MF) is uncommon for UHV MBE 
growth. Whereas post-deposition annealing under MF at high temperatures is known as a method of 
shaping magnetic anisotropy, engineering of magnetic properties using MF-assisted MBE was 
unexplored. Recently, we developed a method of growing epitaxial magnetite films under external 
MF [1]. Combination of flag-style and PTS-style sample holders [2] (the latter including assemblies for 
generation of MF) and a two-station 4-axis manipulator allowed us an easy transfer of the substrate 
between the stations proper of a given preparation step. A range of PTS adapters allows to apply MF 
from Sm-Co magnets, as well as variable MF generated by small electromagnets. The systems allows 
deposition, as well post-deposition treatment with constant in-plane (up to 100 mT) and 
perpendicular (up to 300 mT) MF. In both configurations the sample can be heated up to 600 oC, 
whereas the magnets are cooled by LN2, which prevent the loss of their magnetic. 

The multi-chamber UHV system equipped with MF-assisted MBE and including standard surface 
characterization tools (LEED, STM) gains additional functionalities thanks to the variable MF adapters. 
They enable magneto-optic Kerr effect (MOKE) in longitudinal, transversal and polar geometry with 
MFs up to 40 mT in any UHV system with proper manipulator stations and suitable viewport 
configuration. 

The presented application examples include ultrathin epitaxial Fe and Fe3O4 films grown by MF-
assisted MBE. 

Acknowledgements. Research funded by NCN-Poland, grant no. 2020/39/B/ST5/01838.  

A.D. acknowledges support from Industrial Doctoral Program. 
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Beamline I07 is a hard X-ray (8 – 30 keV) high-resolution diffraction beamline at Diamond Light Source 
dedicated to investigating the structure of surfaces and interfaces using grazing-incidence angle 
scattering methods. Split into two-end stations, the first houses a 2+3 diffractometer providing a 
versatile platform for several experimental techniques including surface X-ray diffraction, grazing-
incidence X-ray diffraction, X-ray reflectivity and grazing-incidence small-angle and wide-angle X-ray 
scattering. The use of interchangeable environmental stages (e.g. catalytic reactors, electrochemical 
cells and high gas pressure rigs) allows for a greater range of technically demanding systems and sample 
types to be studied ranging from soft matter to ultra-high vacuum. The second end-station contains a 
similar diffractometer with an ultra-high vacuum chamber mounted to it dedicated to in situ studies. 
Complementary surface science techniques, such as low energy electron diffraction and X-ray 
photoelectron spectroscopy, can be performed simultaneously on the sample during synchrotron X-ray 
measurements allowing for accurate determination of well-ordered structures, growth behaviour 
during molecular beam epitaxy and has also been used to measure coherent X-ray diffraction from 
nanoparticles during alloying.  

Recent scientific highlights and technical developments as well as future developments of the beamline 
in relation with Diamond II will be presented. 

 

 
Fig. 1: I07 beamline Schematic 
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The 2D materials and their heterostructures are now in the focus of the scientific research considering 
quantum materials and electron correlations, topological matter, etc. The sheets of 2D materials could 
be assembled in 2D heterostructures with controlled mutual orientation, composition and stacking 
sequence. The 2D materials could be chosen from a wide range, that includes, at least, graphene, 
transition metal dichalcogenides, hBN, providing heterostructure with components having different 
band gaps, lattice symmetries, and different interaction between them. The heterostructures are few 
atomic layers thin, so applied electrical field can be used to reversibly control the charge carrier density 
(gate-doping), providing an opportunity to tune special point in electronic structure to the chemical 
potential.  

The designed heterostructures usually have sizes between few and tens of microns, that makes 
microscopy a usual tool for their characterisation, together with the transport properties. The spatially 
resolved ARPES (nanoARPES) is a novel development of conventional angle-resolved electron 
spectroscopy (ARPES) technique, where the spatial resolution is achieved with the focusing of light into 
the spot with submicron sizes. The innovative technique can deliver measurement of the electronic 
dispersions from the small samples with sizes down to sub-micron, and it is in high demand for the 
studies of 2D materials and their heterostructures.  

ANTARES beamline at SOLEIL delivers the nanoARPES technique to user community since 2010, it is 
proven to deliver the measurements from spot with the size about 800 nm, with high resolution in 
biding energy and angular momentum. The most important and recent upgrades include focusing 
optics and in-operando setup. In this contribution, recent NanoARPES results from ANTARES 
instrument are reported, including the moiré superlattices[1,2], evolution of electronic dispersion with 
chemical composition[3] and stacking order[4], influence of hybridization on the formation of 
electronic bands[5], the reversible control of electronic bands through the gate doping[6], etc. 

The use case of the instrument in permanent development, and it is not limited exclusively to 2D 
materials. Up to now it included studies on micro-crystalline[7] and micro-structured samples[5], on 
the spatial domains with different electronic structure[8], ARPES on the different crystal 
terminations[9], etc. 

 
 
[1] Pei, D., et al., Physical Review X., 12(2): art.n° 021065. (2022) 
[2] Stansbury, C.H., et al., Science Advances., 7(37): art.n° eabf4387. (2021) 
[3] Ernandes, C., et al., npj 2D Materials and Applications., 5: art.n° 7. (2021) 
[4] Mahmoudi, A., et al., in preparation 
[5] Betti, M.G., et al., Nano Lett. 2022, 22, 2971−2977 
[6] Joucken, F., et al. Nano Lett. 2019, 19, 4, 2682–2687 
[7] Valbuena, M.A., et al., Physical Review B., 99(7): art.n° 075118. (2019). 
[8] Dudin, P., et al, 2019 Supercond. Sci. Technol. 32 044005 
[9] Yu, D., et al., J. Phys. Chem. Lett. 2022, 13, 7861−7869) 
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Quantum computing enables complex operations in less time than conventional computers. One 
approach to build a quantum processor involves placing isolated ions inside a silicon crystal to utilize 
their electronic or nuclear spin as qubits. The main method to position a single ion in silicon is very 
challenging and involves ion implantation with detection strategies before [1] or after [2] the ion 
impact, requiring specialized tools and facilities. 

Here, we explore an affordable alternative method called monolayer doping (MLD) to place few ions in 
silicon with the goal to determine the potential for single-ion doping. According to literature [3], this 
process enables controlled and conforming silicon doping and avoids crystal defects. It consists in 
creating a monolayer of molecules with the required dopant directly on silicon. The film can be either 
in the form of polymers such as reported in [4] or in the form of small molecules such as allyls as 
reported in [3]. Here we are using commercial silanes containing phosphorous which form monolayers 
on oxidized silicon surface. Next, an O2 plasma treatment is applied on the monolayer, which results in 
the ashing of organic material. As reported elsewhere [4], this process step results in phosphorous 
atoms that remain on the surface. Characterization by XPS shows a decrease of the C concentration, as 
expected, and a change of P to phosphate (PO4

3-) (Fig. 1).  A ~ 10-nm thick SiO2 capping layer is 
deposited by sputtering to prevent out-diffusion of ions during the subsequent rapid thermal annealing 
(RTA) between 1050°C and 1150 °C, which drives the ions into the silicon crystal.   

As a proof of concept, we used fluorescent molecules to show that we can combine MLD with stencil 
lithography (Fig. 2)) for local confinement of the surface activation by oxygen plasma and subsequent 
silanization.  

This work received partial funding from NFFA-Europe PILOT (NEP) (INFRAIA-03-2020).  

 
[1] P. Räcke et al, Journal of Applied Physics, 131, 20 (2022) 
[2] A. M. Jakob et al, Advanced Materials, 34, 3 (2022) 
[3] R.Duff et al, Journal of Applied Physics. 123, 125701 (2018) 
[4] M. Perego et al, Journal of Materials Chemistry C, 8, 30 (2020) 

 

 

Figure 1. XPS spectra of the sample before the O2 
plasma treatment (in red) and after (in blue) the 40W 
for 2 min O2 plasma treatment. For Carbon (1s) and 
Phosphorous (2s). 

Figure 2. From 1 to 3: Process flow of the MLD 
strategy using a stencil. (A) and (B): Fluorescence 
microscopy image where a fluorescent silane has 
been used. 
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Magnetic cooling is a cooling technology based on the magnetocaloric effect. This technique can be 
used to achieve both extremely low temperatures as well as the temperature ranges used in ordinary 
refrigerators. The entropy of the magnetocaloric material changes under the influence of the applied 
magnetic field. This can cause either temperature variations of the material in question or heat 
exchange at a constant temperature. The phenomenon can be used to construct a thermodynamic 
cycle for cooling. Highly promising magnetocaloric materials are cluster molecular magnets [1]. 

In our research, we studied theoretically the magnetocaloric properties of tetramer clusters composed 
of quantum spins S = 7/2 relevant to model the behaviour of gadolinium GdIII ions in molecular 
magnets. We used isotropic Heisenberg model parametrized with exchange interaction J and uniaxial 
anisotropy D, solved within canonical ensemble formalism. The calculations were performed using the 
Wolfram Mathematica suite by exact diagonalization of the Hamiltonian, leading to rigorous results. 
The computed thermodynamic quantities involved magnetic entropy and isothermal entropy change, 
being a measure of the magnetocaloric effect. We compared three cluster geometries – linear, 
quadratic and tetrahedral one, inspired by recent works related to search of Gd-based refrigerants in 
various geometries [2–5]. Our results show that the studied clusters can exhibit both direct and inverse 
magnetocaloric effect in diverse temperature ranges, as dependent on the cluster geometry and 
selected anisotropy, providing the possibility of tuning the properties. 

The support provided by the program Student Research Grants (University of Łódź) is acknowledged. 
 

 

Fig. 1. Graph showing the isothermal entropy change between zero magnetic field and a normalized magnetic 
field B/|J| = 2 as a function of the normalized temperature for a linear (orange), square (gray) and tetrahedral 

(black) tetramer with antiferromagnetic J and anisotropy D/|J| = -1. 

 
[1] P. Konieczny et al., Dalton Transactions, 34, 12762-12780 (2022) 
[2] S-J. Liu et al., Polyhedron, 121, 180-184 (2017)  
[3] L. Li et al., Journal of Molecular Structure, 1222, 128906 (2020) 
[4] P. Hu et al., ACS Omega 7, 38782–38788 (2022) 
[5] M. Wang et al., Frontiers in Chemistry 10, 963203 (2022) 
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In the equilibrium three subsytems, electronic lattice and spin are individually at thermal equilibrium. 
The situation is completely different if the high intensity, femtosecond laser pulse appears on the 
surface of metal (P(r, t) -the power of laser in W), the energy is exchanged between the subsytems 
through the subsystem coupling factors: Ges, Gel, Gls which represent the electron-spin, electron lattice 
and spin lattice coupling factor. If we consider the process of the transport and distribution of energy 
between the mentioned subsytems in a small time scale smaller than the electron-electron  relaxation 
time the considered system is far from equilibrium. 

The model is known in the literature as Microscopic Three Temperature Model (M3TM) [1]. The transfer 
of energy between the electrons, spins and lattice is described by the system of equations: 

{
 
 

 
 
𝐶𝑒(𝑇𝑒)𝑑𝑇𝑒

𝑑𝑡
= −𝐺𝑒𝑙(𝑇𝑒 − 𝑇𝑙) − 𝐺𝑒𝑠(𝑇𝑒 − 𝑇𝑠) + 𝑃(𝑟, 𝑡)

𝐶𝑠(𝑇𝑠)𝑑𝑇𝑠

𝑑𝑡
= −𝐺𝑒𝑠(𝑇𝑠 − 𝑇𝑒) − 𝐺𝑠𝑙(𝑇𝑠 − 𝑇𝑙)

𝐶𝑙(𝑇𝑙)𝑑𝑇𝑙

𝑑𝑡
= −𝐺𝑒𝑙(𝑇𝑙 − 𝑇𝑒) − 𝐺𝑠𝑙(𝑇𝑙 − 𝑇𝑠)

      (1) 

The Te, Tl, Ts represent the temperature of electron, lattice and spin subsystem respectively. From the 
mathematical point of view finding the kinetics of the fast demagnetization process is a solution of a 
set of three coupled differential equations that completely specify the magnetization dynamics m. An 
alternative form of Eq.1 was given in [2]: 

{
 
 

 
 𝐶𝑒[𝑇𝑒]

𝑑𝑇𝑒

𝑑𝑡
= 𝛻𝑧(𝑘𝛻𝑧𝑇𝑒) + 𝐺𝑒𝑙(𝑇𝑙 − 𝑇𝑒)

𝐶𝑙
𝑑𝑇𝑙

𝑑𝑡
= 𝐺𝑒𝑙(𝑇𝑒 − 𝑇𝑙)

𝑑𝑚

𝑑𝑡
= 𝑅𝑚

𝑇𝑙

𝑇𝑐
(1 − 𝑚𝑐𝑜𝑡ℎ(

𝑚𝑇𝐶

𝑇𝑒
))

       (2) 

 

The numerical calculation of phonon and electron thermal transport in Fe/MgO/Fe structure showed 
that it is possible to determine the electron and phonon temperature profile across the considered 
structure [3]. The calculation were done by means of  an ab initio approach using  a Green function 
method. The model allow to determine the Gel which represent the electron-phonon interaction 
constant as well as the electron and phonon thermal conductivities. In a present paper the validity of 
the introduce models [1,2] described by Eq. (1) and (2) and their modifications as well as the way of 
evaluation of Ges, Gel, Gls and their influence on dynamics of demagnetization processes is considered. 

 
[1] E. Beaurepaire, J.-C. Merle, A. Daunois, and J.-Y. Bigot, Physical Review Lettters, 76, 4250 (1996)  
[2] B. Koopmans, G. Malinowski, F. Dalla Longa, D. Steiauf, M. Fähnle, T. Roth, M. Cinchetti, M. Aeschlimann, Nature Materials, 
9, 259 (2010) 
[3] J. Zhang, M. Bacman,M. Czerner, C. Heiliger, Physical Review Lettters, 115, 037203 (2015) 
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The ability for efficient braking of fast rotating elements depends on the materials used for friction 
discs. Its mechanical strength, high and stable coefficient of friction, and low wear coefficient, 
especially during long periods of braking, when the temperature is high, are needed. Currently, carbon 
composites are considered to be the best choice for this application. However, these composites show 
the best braking properties for a narrow range of temperatures. Another disadvantage is carbon 
content, which begins to oxidize significantly at temperatures above 600°C.  

The practical part consisted of the production of a composite with a heat-resistant nickel superalloy 
Inconel 617 matrix reinforced with silicon carbide (SiC) by combined methods: magnetron sputtering 
of Inconel 617 alloy onto SIC powder with a thin coating and following sintering with the use of Spark 
Plasma Sintering. The samples were characterized by chemical and phase composition and surface 
morphology of the sinters. Main tribological tests at high temperatures (20°C, 450°C and 700°C) 
showed that the resulting SiC/Inconel 617 composite showed a high coefficient of friction, low wear, 
and high oxidation resistance (stability) at the temperature range of 20°C - 700°C. The following work 
can significantly improve the performance and durability of brake system components both at high and 
room temperatures. Industry groups that could particularly benefit from the results of this work are 
the automotive, aerospace, robotics, and space industries.  

The findings of the research are, as follows: 

• Technology allows to obtain heat-resistant sinters of Inconel and SiC phases at a temperature 
much lower than needed for only SiC sintering (1350°C vs. 1900°C, respectively). 

• Mutual dissolution of SiC phases (4H and 6H) in Inconel elements aiming at Nickel/Iron Silicides 
and Chromium Carbides formation at sintering temperature of 1350°C was observed. 

• It was confirmed that the crystallization of Inconel phase from the amorphous state after 
magnetron sputter deposition onto SiC powder particles during sintering occurred. 

• Following coefficients of friction of SiC/Inconel 617 composites were higher than for sinters of 
only SiC (20°C – 0,65 vs 0,54; 450°C – 0,53 vs 0,45; 700 °C – 0,56 vs 0,46, respectively). 

• Wear coefficients at 20°C, 450 °C and 700 °C were 4.7·10-14; 1.35·10-13 and 4·10-13 m3·N-1·m-1, 
respectively, were measured. 

• No oxidation of the SiC/Inconel 617 Metal-Ceramic Composite was observed during the friction 
tests up to investigated 700°C. It is believed that the composite can withstand higher 
temperatures without severe oxidation.  
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In this contribution, ultrathin CoOx films were epitaxially grown on Pd(100) and Au(111) single crystals 
as model systems for powdered catalytic materials. The adsorption behavior of water with different 
CoOx films was investigated in a mechanistic study. To prepare CoOx films with varying film thicknesses, 
physical vapor deposition (PVD) was used, followed by oxidation at elevated temperatures. The films 
were characterized via scanning tunneling microscopy (STM) and low energy electron diffraction 
(LEED). To quantitatively analysis of the thickness of the prepared films the deposition rates of the 
metal evaporators were calibrated by employing a quartz micro balance (QCM).  

In a growth model we were able to revisiting the thickness dependent growth previously shown by 
Gragnaniello et al. [1]. Furthermore, we detected a new facet at very low depositions, characterized as 
a bridging oxygen structure (BO-CoOx) coexisting with the c(4x2)/CoO(100)/Pd(100) facet. As the film 
thickness increased, the structural composition changed to a c(12x2)/CoO(111)/Pd(100) structure, 
building the transition from the cubic CoO(100) to the hexagonal CoO(111) surface termination. At 
even higher film thicknesses the CoO(111) facet building a Moiré-CoO(111)/Pd(100) structure, which 
then grow into a Co3O4(111)/Pd(100) structure.  

Specifically, at low Co depositions on Pd(100), two prominent surface structures were obtained and 
atomically resolved. The CoO(100)-c(4x2) structure was indicated by zigzag rows which are separated 
by atoms showing distorted hexagonal symmetry. The second structure grows epitaxially to the surface 
in a CoO(100) facet, which consisted of bridging oxygen vacancies that coexist with terraces containing 
the c(4x2)/CoO(100)/Pd(100) facet. Regarding the adsorption of water, the c(4x2)/CoO(100)/Pd(100) is 
almost inert, while the BO-CoOx facet showed derivatives of water on the surface. Specifically, we 
characterized the H2O-derived adsorbates on the BO-CoOx facet and distinguish three different species. 
By comparing with a pristine BO-CoOx surface with atomic resolution, we were able to assign this 
species to two OH groups adsorbing on a Co-Atom or a bridging oxygen row.  The third species could 
be a more complex surface structure containing non-dissociated water molecules.  

  

 

 

 

 

 

 

 
 
 [1] Gragnaniello, L.; Agnoli, S.; Parteder, G.; Barolo, A.; Bondino, F.; Allegretti, F.; Surnev, S.; Granozzi, G.; Netzer, F. P., Surf. Sci., 
604, 21-22, (2010) 
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The work shows the possibility of using plasma nitriding under UHV conditions to introduce nitrogen 
into a titanium dioxide structure in the form of nanotubes with a diameter of about 110 nm. Nanotubes 
were produced by the anodic oxidation of Ti foil in a solution based on glycerine and water with the 
addition of ammonium fluoride at a voltage of 25 V. By alternating nitriding and annealing processes 
at 450 oC, it was possible to form Ti-N-O, Ti-N and Ti-O-N chemical bonds in the crystal structure of TiO2 
(anatase). This led to their being identified as interstitial or substitutional admixtures or variations of 
these. The spectrophotometric and spectrophotoelectrochemical tests performed showed that the 
photoactivity of the photoanodes doped with nitrogen and annealed at 450 oC in the UV-Vis range was 
significantly greater than that of the photoanodes without nitrogen. The highest maximum 

photocurrent density, of about 30.0 µAcm-2 at a wavelength of =350 nm, was obtained for the double-
nitrided and once-annealed sample (TiO2 NTs + N2 + 450 oC + N2), where nitrogen was mainly 
incorporated in the interstitial positions in the TiO2 lattice. The thermo-chemical treatment applied also 
effectively extended the operational range of the photoanodes towards visible light, where a wide 
maximum of light absorption was observed from ~ 400 nm to ~ 700 nm, with a maximum wavelength 
of 550 nm and an estimated bandgap energy of 2.5  eV. The following research techniques were used 
to identify the changes taking place in the materials produced: in-situ XPS spectroscopy, UV-Vis 
spectroscopy, photoelectrochemical measurements, XRD structural measurements, and SEM 
microscopic observations. 

 
Fig. 1. Graphical abstract.  

[1] Pisarek, M.; Krawczyk, M.; Hołdyński, M.; Lisowski, W. Plasma Nitriding of TiO2 Nanotubes: N Doping in Situ 
Investigations Using XPS. ACS Omega 2020, 5, 15, 8647−8658. 
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Epitaxial iron oxide films are our current interests due to their unique electronic and magnetic 
properties [1,2]. Epitaxial films, when grown ultrathin, gain additional degrees of freedom that allow 
their properties to be modulated, thanks, among others, to their interaction with the substrate. 
Recently we have performed comparison of the iron oxides films grown on Pt(111) and Ru(0001) 
substrates. In the present contribution we focus on the ultrathin iron oxide films with the intended FeO 
stoichiometry, for which we previously showed a metastable ferromagnetic phase [1]. The iron oxide 
layers were grown by molecular beam epitaxy in a multi-chamber ultrahigh vacuum system on the 
Ru(0001) single-crystal substrate either by the oxidation of a metallic Fe deposit or by reactive 
deposition of Fe under a background pressure of molecular oxygen.  

Regardless of the preparation recipes, films with a nominal thickness of 2 FeO monolayers (MLs) grew 
as continuous layers with a characteristic moiré structure due to the film-substrate misfit. Room 
temperature conversion electron Mössbauer spectroscopy (CEMS) measurements documented an 
oxide film in the paramagnetic state and the electronic structure markedly different from bulk FeO.  

Beyond the 2 ML thickness we observed considerable resistance of iron to oxidation. For reactive 
deposition under an O2 partial pressure from 5x10-8 to 1x10-6 mbar, the films showed morphology of 
nanowires (up to 1 μm long and few tens of nm wide), as shown in situ by STM. In situ CEMS spectra 
unambiguously identified the nanowires as composed of metallic Fe. Post-deposition oxidation of 
metallic Fe films led to similar results. We explain the observed striking differences for the Pt and Ru 
substrates by different structural and chemical properties of the double-layer FeO films that are formed 
in the initial growth stage. 

[1] N. Spiridis et al., Phys. Rev. B 85, 075436 (2012). 
[2] K. Freindl et al., J. Chem. Phys. 152, 054701 (2020). 
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 Oxide-based two-dimensional electron gases (2DEGs) have gained significant interest in the condensed 
matter community due to their potential to expose novel physical properties. Of particular importance 
are 2DEGs formed in KTaO3, which exhibit crystal face-dependent superconductivity [1], and a large 
Rashba effect [2], making them attractive for future oxide electronics devices. In this study, we used 
angle-resolved photoemission spectroscopy to investigate the electronic structure of the 2DEG formed 
at the (110) surface of KTaO3 after deposition of a thin Al layer. Our experiments reveal that the band 
structure has a remarkable anisotropy in their orbital character, resulting in the formation of a Fermi 
surface composed of two elliptical contours, each with its major axis perpendicular to the other. These 
results allow us to constrain the modeling parameters for self-consistent tight-binding slab calculations 
of the 2DEG band structure [3]. The calculations predict an anisotropic Rashba spinsplitting of up to 4 
meV at the Fermi level along the [-110] crystallographic direction, exceeding the splitting observed in 
other SrTiO3- and KTaO3-based 2DEGs by approximately one order of magnitude [4]. This remarkable 
anisotropic spin-splitting of the bands is rationalized by means of the orbital angular momentum 
formulation for the Rashba effect [5]. Our findings provide important insights into the interpretation of 
spintronics experiments and help to improve superconductivity models in the KTaO3(110)-2DEG 
system.  

Acknowledgments: This work has been supported by Comunidad de Madrid (Atracción de Talento grant 
No. 2018-T1/IND-10521 and 2022-5A/IND-24230) and by MICINN PID2019-105238GA-I00. We 
acknowledge allocation of measurement time at ALBA under proposals 2021024953 and 2022025693. 
LOREA was co-funded by the European Regional Development Fund (ERDF) within the Framework of 
the Smart Growth Operative Programme 2014-2020.  

  
Fig. 1. (a, b) Energy-momentum dispersions measured by ARPES along [-110] direction with LH and LV beam 
polarizations. (c) Calculation of the energy-momentum dispersion along the [-110] direction. Insert: Rashba 

energy and momentum spin-splitting at the Fermi level.   

  
[1] T. Ren et al, Sci. Adv., 8, 1 (2012)  
[2] A. Gupta et al, Adv. Mater., 34, 2106481 (2022)  
[3] Martínez et al, Comput. Phys. Commun., 284, 108595 (2023)  
[4] Martínez et al, arXiv preprint arXiv:2304.14805 (2023)  
[5] S. R. Park & C. Kim, J. Electron Spectros. Relat. Phenomena, 201, 6 (2015)  
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Zinc oxide is a functional biocompatible oxide with a wide range of applications. However, oxides’ 
material synthesis routine and fabrication affect strongly their physicochemical features, which,  
in turn, can tune the design of innovative, nanostructured devices. 

In this work, we present a set of morphological, chemical, and electronic properties of ZnO thin layers 
prepared by sol-gel synthesis followed by spin-coat deposition and differentiated thermal post-
deposition processing. We present how chemically different sols exposed to post-deposition drying,  
or annealing treatment react with the alteration of layers’ surface topography and bulk crystalline 
structure as revealed by atomic force microscopy and X-ray diffraction. The effect of morphological 
structure reorganization induced by layer technology was further detected with the use of Raman 
spectroscopy. Chemical composition investigation conducted with X-ray photoemission spectroscopy 
manifested modification of main core levels, i.e. O 1s and Zn 2p due to the presence of point defects 
related to processing. Further adventitious carbon species were investigated based on C 1s region.  
The ZnO valence band region studies done by ultraviolet and X-ray photoemission spectroscopies, 
allowed us to construct energy band diagrams which revealed electronic parameters’ modification, 
most likely associated with point defects reduction after post-deposition treatment.  

Work was partially supported by the financial assistance of the Institute of Physics-CSE (IP-CSE), Silesian 
University of Technology. The authors acknowledge the ESPEFUM laboratory at the IP-CSE for access 
to part of the experimental setup. L.G. would like to acknowledge the support of OCTA project funding 
from the European Union’s Horizon 2020 (No. 778158) and “funds for science allocated  
to the implementation of an international co-financed project in 2018–2023" granted by the Polish 
Ministry of Education and Science. 
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Changing in the physicochemical properties of the surface significantly affects for the range of 
applications of ABO3-type perovskite materials. Modification of the surface layer by external factors 
such as temperature, ion etching or UV irradiation leads to local changes in electrical properties in the 
insulator-metal system [1].    

KTaO3 belongs to material which not shows any phase transitions over a wide temperature range. In 
our studies the thermogravimetrical (TGA), x-ray photoelectron spectroscopy (XPS) and scanning probe 

microscopy (SPM) results have been reported after thermal treatment under reducing conditions in 
the wide range of temperature from RT to 11000C. The gently change of the crystal mass was observed 
up to 8000C at 10-11 mbar of partial pressure pO2. The segregation process of potassium in the surface 
region was detected. The new electronic state of potassium corresponding to the separation of K2O 
component, observed at 7500C was disappeared above 8500C. The loss of oxygen lead to creation of 
additional state in energy gap and Ta4+ and Ta2+ states in Ta4f level. The migration of KO complexes in 
higher temperature from the bulk toward to the surface led to removing of additional states and slightly 
increased amount of potassium on the surface.    

An additional component of K2p line appeared  at 5000C was not remove even above for temperature 
of 10000C. It can be suggests to the permanent modification pf the sub-surface layer.   

    32  28  24  20  
  Binding Energy [eV]     

  

Fig. 1. The Ta4f core line evolution at elevated temperature.  

   
[1] Krzysztof Szot, Gustav Bihlmayer, Wolfgang Speier, Solid State Physics, 65, 353-559, (2014).   
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Single-molecule junctions (SMJs) formed by trapping a molecule between metal electrodes have 
attracted wide attention as a testbed in the field of molecular electronics. Naphthalene is a promising 
building block for developing functional SMJs owing to the unique electronic properties [1]. However, 
charge transfer (CT) between the molecule and electrodes, being an important factor affecting electron 
transport, remained unclarified. In previous studies, we have revealed that simultaneous surface-
enhanced Raman scattering (SERS) and electrical property measurement can be used for structural 
characterization of various SMJs [2]. In this research, we investigate the structure of Au/2,6-
naphthalenedithiol (NDT)/Au SMJs by this SERS-based measurements to reveal the CT  effect on the 
electron transport. 
SMJs were fabricated by the mechanically controllable break junction (MCBJ) method at ambient 
condition. The electrode was modified by drop casting of NDT ethanol solution [2]. SMJs were held 
stationary and irradiated with a 785 nm laser to measure SERS spectra and current-voltage (I-V) curves 
simultaneously.  
Figure 1 represents the two-dimensional conductance histogram obtained by the MCBJ technique, 
indicating that NDT SMJs have mainly two conductive states: high (H) at 10-2 G0 and low (L) at 10-3 G0 
conductive states. To reveal the geometry of each state, we measured SERS spectra in the 
conductance region of the NDT SMJs. SERS spectra show prominent peaks which are characteristics of 
NDT such as C-S stretching (νCS) mode. The vibrational energy of the νCS mode of the NDT SMJ was 
decreased compared with that of the powder sample because the CS bond was weakened by CT 
between NDT and electrodes in SMJs. Figure 2 represents the relationship between the conductance 
and the vibrational energy of the νCS mode obtained by the SERS. The vibrational energy of the H state 
is smaller than that of L state [3], representing that the CT was enhanced in the H state. In conjunction 
with the density functional theory, we associate CT with adsorption site of S atom and conductive 
states. The NDT junction connects to the electrode via hollow site in the H state while it connects via 
atop site in the L states. In the hollow site, the CT was enhanced compared with the atop site so as to 
weaken the C-S bonds. The present study revealed the effect of the geometry depended-CT on the 
electron transport in the NDT SMJs.  

     
 

Fig.1 (left side) 2D conductance histogram for NDT SMJ. Fig.2 (right side) 2D histogram between the conductance 

(G) and vibrational Energy of the νCS mode. One-dimensional histograms of the conductance (top panel) and 

vibrational energy (side panel) for the high (G > 10–2.8 G0, red  and low (G < 10–2.8 G0, black) conductive states. 

 
[1] M.Taniguchi et al., J. Am. Chem. Soc. 133 11426 (2011)  

[2] S.Kaneko, et al., Chem. Sci. 10, 6261 (2019) 
[3] K.Homma et al., ACS Appl. Nano Mater. doi : 10.1021/acsanm.3c01117  
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[Introduction] A single molecular junction (SMJ), composed of molecule 
bridging metal electrodes, has unique electron transport properties best 
suited for ultimately miniaturized electronic devices. DNA has been a 
promising component of these devices because of its superior electron 
transport properties arising from the π-stacking structure of the bases. 
Although it has been known that the electron property of DNA can be 
modulated by inserting intercalating molecules, functional control by 
modification of DNA-strands has not been investigated. Here, we studied 
the transport properties of a single DNA molecule whose strand bears covalent modification with a 
redox-active methylene blue (MB) moiety. The structure of the sample DNA was shown in Fig. 1, 
whereas DNA containing 12 G-C base pairs was used as a reference molecule (fm-DNA).  

[Experiment] A sample surface was prepared by immersing an Au (111) substrate in a 1 μM solution of 
the DNA for 45 min. Measurements were conducted using scanning tunneling microscope (STM) with 
Au tips at ambient conditions.  

[Result and discussion] The SMJ of the sample DNAs was 
formed by holding the STM tip stationary near the 
sample surface, and the conductance values of MB-DNA 
and fm-DNA SMJ were determined to be 10-4.9G0, and 10-

3.5G0 (G0 = 2e2/h), respectively, showing that the MB-DNA 
SMJ possesses lower conductivity. The current-voltage 
(I-V) curves (Fig. 2) exhibited rectification ratios of 1.05, 
1.15 at 1.0 V for MB-DNA and fm-DNA, respectively. This 
result indicates symmetrical electron transport for both 
of the DNAs. Furthermore, Fowler-Nordheim (FN) plots 
[1] were created from the I-V characteristic, and the 
transition voltage (Vtrans), which reflects energetic 
difference between the conduction orbital and Fermi 
level of the electrodes, was estimated. For fm-DNA, Vtrans 
= 0.47 V was found (Fig. 3(b)). This peak is associated with 
the orbitals originated from guanine’s HOMOs. On the 
other hand, in case of MB-DNA, distinct peaks were not 
detected in the bias-voltage window of the present 
experiments (Fig. 3(a)), which demonstrates that Vtrans is increased by the presence of MB in the DNA 
strand. These results imply that the decrease in electron conductivity for MB-DNA is caused by the 
increase in Vtrans. MB site acts as a barrier for electron transport, or induces conformational change of 
DNA, that may alter electron transport property. 

 

[1] J. M. Beebe. et al., Phys. Rev. Lett., 97, 026801 (2006) 

 

 
Fig. 1 The structure of MB-

DNA complex. 

 
Fig. 2 I-V histogram of (a) MB-DNA  

and (b) fm-DNA. 
 

(a) (b) 

 
Fig. 3 Vtrans histogram of (a) MB-DNA  

and (b) fm-DNA. 

(a) (b) 
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The nanoscale patterns produced by bombardment of Si(100) with a 2 keV Kr ion beam are investigated 
both experimentally and theoretically. In our experiments, we find that the patterns observed at high 
ion fluences depend sensitively on the angle of incidence Θ. For Θ values between 74◦ and 85◦, we 
observe five decidedly different kinds of morphologies, including triangular nanostructures traversed 
by parallel-mode ripples, long parallel ridges decorated by short-wavelength ripples, and a remarkable 
mesh-like morphology. In contrast, only parallel-mode ripples are present for low ion fluences except 
for Θ = 85◦. Our simulations show that triangular nanostructures that closely resemble those in our 
experiments emerge if a linearly dispersive term and a conserved Kuramoto–Sivashinsky nonlinearity 
are appended to the usual equation of motion. We find ridges traversed by ripples, on the other hand, 
in simulations of the Harrison–Pearson–Bradley equation (Harrison et al 2017 Phys. Rev. E 96 032804). 
For Θ = 85◦, the solid surface is apparently stable and simulations of an anisotropic Edwards–Wilkinson 
equation yield surfaces similar to those seen in our experiments. Explaining the other two kinds of 
patterns we find in our experiments remains a challenge for future theoretical work. 

 

 

 
Fig. 1 A  ‘phase diagram’ which shows the patterns we observed for selected incidence angles Θ and fluences F. 

 
[1]     J. Seo, D. P. Pearson, R. M. Bradley, and J.-S. Kim,  J. Phys.: Condens. Matter 34 (2022) 265001. 
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Electrified solid-liquid interfaces play a central role in electrochemistry, geochemistry, and surface 
science. Given the importance of metal-oxide nanostructures in practical applications, we focus on 
studying the ZnO/aqueous electrolyte system which has unique properties. Metal-oxide surfaces in 
aqueous solution bear surface proton charge depending on the environmental pH, and metal-oxide 
aqueous solution interfaces are electrified which leads to the formation of the protonic double layer 
(pDL) [1]. The key thermodynamic quantities to characterize this process are the surface acidity 
constant and the double-layer capacitance. Our aim here is to compute these quantities at electrified 
ZnO/aqueous electrolyte interfaces using finite-field density functional theory-based molecular 
dynamics (DFTMD) [2], and free energy perturbation theory [3]. This will help us understand the 
relationship between the atomistic/electronic structure of pDL, the double-layer capacitance, and the 
surface acidity. This new knowledge may shed light on the pH response and the dissolution mechanism 
of metal-oxide based electrode materials used in electrochemical energy storage and conversion under 
working conditions. 
 
*This project has received funding from the European Research Council (ERC) under the European 
Union's Horizon 2020 Research and Innovation Programme (Grant Agreement No. 949012). 
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Fundamental understanding how materials respond to deposition of highly charged ion (HCI) energy is 
important for defect engineering, ion beam processing, ion beam analysis and modification, tokamak 
plasma-wall interaction, and many other applications. It is now well known that the interaction of slow 
HCl with solids transfers its kinetic and potential energy to the electrons and atoms of the solid and can 
lead to the formation of various surface nanostructures [1]. However, the understanding of the 
processes of deposition/dissipation of internally coupled energy in electronic and atomic subsystems, 
in particular for materials with high density of free electrons (e.g., metals), is still incomplete [2,3]. 

In this work, we studied the process of nanostructure formation during the interaction of xenon ions 
with the surface of Au (111) crystal. The experiment was performed on the high purity single crystal, 
with the FCC structure produced by Czochralski method. The sample was irradiated by highly charged 
Xe35+ ions at the Kielce EBIS facility. The surfaces were imaged using scanning tunneling microscope 
SPM Aarhus 150. Various modifications on the irradiated surface resulting from the interaction of a 
single xenon ion were observed, mostly in the form of craters surrounded by different adatoms 
structures, including hillocks made of amorphous gold, a consequence of the high cooling rate of the 
ion metal interaction zone. The results are presently interpreted based on micro-staircase model [4]. 

EBIS facility is supported by Polish MEiN (project 28/489259/SPUB/SP/2021). N. N. Nedeljković and M. 
D. Majkić are grateful for the support of the MoESTD of the Republic of Serbia (projects 171016, 
171029). 
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Raman spectroscopy is an experimental technique frequently used in the field of surface physics, 

chemistry, and nanotechnology. It utilizes the Raman effect, which is the phenomenon of inelastic 

scattering of photons by a substance. Most commercial Raman spectrometers are limited to performing 

measurements in air. This poses a serious drawback for many sensitive materials, as exposure to 

atmospheric conditions can modify the physicochemical properties of the surface, or even transform 

one chemical compound into another. In the context of surface physics, such changes may be important 

in the analysis and characterization of the structural and chemical properties of the tested materials. 

We present our development of a unique mapping Raman spectrometer, designed to facilitate 

characterization in a glove box filled with a protective argon atmosphere. This integration allows the 

study of reactive compounds and materials under tightly controlled conditions, offering increased 

precision in the study of surface physics and material interactions. 

An example of such a chemical is solid rhenium heptoxide (Re2O7), a member of the Transition-metal 

oxides (TMOs) group. Solid Re2O7 forms an orthorhombic unit cell of equal numbers of Re04 tetrahedra 

and ReO6 octahedra, connected by corners and forming polymeric double layers with only oxygen-

oxygen van der Waals contacts between the layers. Dirhenium heptoxide's highly hygroscopic nature 

makes it particularly sensitive to surface interactions with moisture, leading to its decomposition into 

perrhenic acid (HReO4) when exposed. 

Such sensitivity to surface conditions offers valuable insight into the study of surface physics and the 

behavior of materials under various environmental conditions, and allows for easy demonstration of 

the suitability of the constructed Raman spectrometer. 

 

Acknowledgments:  This work was financially supported by National Science Centre, Poland, grant 
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Functionalization of graphene is a promising approach for expanding the scope of graphene 
application, which has attracted the attention of scientists due to unique properties. Covalent 
attachment to graphene of photoactive dyes leads to the transformation of electronic structure in 
resulting nanocomposite. For example, in contrast to pristine graphene, which is transparent in the 
visible range of spectra, the graphene-dye composite has pronounced absorption peak [1], 
furthermore, disruption of the ideal sp2-bound graphene structure by incorporation of sp3-hybridized 
carbon atoms leads to the bandgap opening in graphene [2]. 

In the present study investigation of the electronic structure of graphene covalently modified by 
phenazine dye Neutral red by means of soft X-ray synchrotron radiation is presented. In addition, UV-
PEEM imaging with work function contrast and STM measurements with atomic resolution are given. 
The graphene/Neutral red dye composite has shown high stability verified by XPS measurements after 
sonication and annealing in ultrahigh vacuum conditions. UV‑PEEM imaging with work function 
contrast proves the homogeneity of the systems on a large scale. STS measurements and secondary 
electron cutoff confirmed a deep modification of the electronic structure as a result of the 
functionalization, a wide band gap opening and remarkable change of the work function. 

 

Fig. 1. Principle scheme of covalent functionalization of graphene by Neutral red dye [3]. 

 
[1] P. Martin et al., Chem. Commun., 53, 10715 (2017) 
[2] E. Bekyarova et al., J. Am. Chem. Soc., 131, 1336-1337 (2009) 
[3] D. Potorochin et al., Applied Surface Science, 585, 152542 (2022) 
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Among the class of transition metal dichalcogenides (TMDC) PtTe2 with trigonal structure belongs to 
type-II Dirac semimetals and attracted extensive research interest due to the Dirac points appearing at 
the band touching points of electron and hole pockets. Here we have studied photoelectrons from the 
surface and bulk states of PtTe2 using state-of-the-art the ARPES experiment and one-step 
photoemission model within the spin-polarized relativistic Korringa-Kohn-Rostoker (SPR-KKR) Green’s 
function method  [1,2]. 

                (a) Determinant                                        (b) Calculated                                  (c) Experimental 

                                                                                                       

Fig. 1. (a) The E vs ky plot of the corresponding determinant criterion. (b) and (c) Calculated and experimental E 
vs ky intensity plot along M-Γ-M direction. The surface Dirac state is localized at the Γ-point with binding energy 
of –2.25 eV. The determinant criterion qualitatively localizes the surface state (SS) observed by probing surface 

barrier potential within the SPR-KKR package. 

Our model quantitatively reproduces most of the features in the band structure mapped by 
experimental ARPES (Fig. 1 (a) and (b)). It can differentiate surface and bulk states by using the surface 
barrier potential and determinant criterion within the SPR-KKR package  [3]. Previously, it was claimed 
that the topological surface state (TSS) at ~1 eV below the Fermi level in 1T-PdTe2, a sister compound 
of 1T-PtTe2, has surface character  [4]. Our calculations, however, confirm that this state has bulk 
character (Fig. 1). Moreover, our theoretical model of 1T-PtTe2 will serve as the basis for future studies 
of asymmetries in measured spin texture induced by the experimental geometry  [5] and the spin-
orbital texture mapping from the spin- and angle-resolved photoemission. 

 
[1] H. Ebert, D. Ködderitzsch, and J. Minár, Rep. Prog. Phys. 74, 096501 (2011). 
[2] J. Braun, J. Minár, and H. Ebert, Physics Reports 740, 1 (2018). 
[3] J. Schusser, H. Bentmann, M. Ünzelmann, T. Figgemeier, C.-H. Min, S. Moser, J. N. Neu, T. Siegrist, and F. Reinert, Phys. Rev. 

Lett. 129, 246404 (2022). 
[4] O. J. Clark, M. J. Neat, K. Okawa, L. Bawden, I. Marković, F. Mazzola, J. Feng, V. Sunko, J. M. Riley, W. Meevasana, J. Fujii, I. 

Vobornik, T. K. Kim, M. Hoesch, T. Sasagawa, P. Wahl, M. S. Bahramy, and P. D. C. King, Phys. Rev. Lett. 120, 156401 (2018). 
[5] T. Heider, G. Bihlmayer, J. Schusser, F. Reinert, J. Minár, S. Blügel, C. M. Schneider, and L. Plucinski, Phys. Rev. Lett. 130, 

146401 (2023). 
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Zinc Oxide (ZnO) is naturally an n-type semiconductor with a wide bandgap of Eg = 3.4 eV and relatively 
simple synthesis and doping methods, which has found applications in thin film coatings, electronics 
or light emitting diodes[1-3]. Several studies so far have focused on the issue of defects and electron 
properties in doped ZnO. However, limited studies have been devoted to electronic properties of thin 
films at elevated temperatures, despite a variety of possible applications, which requires elevated 
operating temperatures such as thermoelectric devices or high temperature postprocessing step e.g. 
soldering of a device. Moreover, so far, there is only one study that reports the properties of 
Germanium doped ZnO (Ge:ZnO) thin films grown by Atomic Layer Deposition (ALD) method[2].   

The aim of the present study was to determine electronic properties in ALD grown Ge:ZnO thin films 
at elevated temperatures and after annealing in air. The thin films with GeZn substitution level from 0 
up to 20% and thickness of around 100 nm have been investigated using the XRD, SEM, EDS and 
ellipsometry methods. The influence of Ge doping concentration on the electronic properties was 
analyzed using the Hall effect measurements, which allowed to determine the conductivity, carrier 
concentration and carrier mobility from room temperature up to 523 K. Moreover, the XPS have been 
used to study the surface electronic states of the samples as deposited and after annealing in air.  

The results obtained in this study corroborate the literature reports, which states that the Ge 
substitution of Zn (GeZn) results in increase of the carrier concentration and facilitates formation of 
other lattice defects, such as Zn vacancies (VZn), which mitigate the expected increase in carrier 
concentration[1,3]. Therefore, it is not possible to apply a simple hydrogen-like doping model in this 
case. The decrease of carrier concentration and other changes in the film properties after annealing 
can be then understood as the result of VZn migration to form GeZn-VZn complex defects, which then 
tend to act as electron traps, leading to carrier recombination and decreased mobility. This however 
can be mitigated by increasing the temperature of the material, i.e. providing energy necessary to 
‘escape’ from the electron traps, which is observed as a relative uncommon (for materials at room 
temperature or above) effect of mobility increase with temperature.  

This research was supported by National Centre for Research and Development (NCBiR) (Grant Number 
TANGO-V-C/0014/2021).  
  
[1] Janotti and Van de Walle, Reports on Progress in Physics, 72, 126501 (2009) 
[2] Chalker et al., Journal of Materials Chemistry, 25, 12824 (2012)  
[3] Zhu et al Journal of Physics D: Applied Physics, 51, 085302 (2018).  
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Antimonene belongs to the Xenes mono-elemental subclass of two-dimensional materials. It belongs 
to the 15th group of period table among phosphorene, arsenene and bizmuthene. Antimonene was 
successfully synthesized in 2016 [1]. Antimonene has several theoretically predicted allotropic forms. 
But only two of them are energetically stable [2]. These are puckered alpha  phase (αSb) and low 
buckled beta phase (β-Sb). The α-Sb is characterized by a rectangular unit cell, while β-Sb has a 
honeycomb structure. In both cases, a single layer of antimonene consists of two atomic sublayers.  

In this work we show growing process and structural properties of α-Sb and β-Sb deposited on W(110) 
substrate. The antimonene layers were grown by molecular beam epitaxy (MBE) method. The 
experiment has been performed in-situ in a Low Energy Electron Microscope (LEEM). The structural 
properties were investigated by Low Energy Electron Diffraction (LEED). The obtained results show that 
the temperature of the substrate during deposition process has major role in the phase composition of 
antimonene on W(110) substrate. Typically, at temperature in the vicinity of 110 °C antimonene layer 
nucleates as α-Sb with layer-by-layer type of growth up to thickness of 2ML. Next, when the second 
layer is almost complete a new areas covered by β-Sb islands can be found on the sample surface. 
Subsequent β-Sb layers grow as triangular islands showing the symmetry of the honeycomb structure. 
With increasing temperature of the substrate during deposition the ratio between amount of two Sb 
phases is changing favoring the nucleation of β-Sb. At the highest temperature (around 160°C) both α-
Sb and β-Sb grow as isolated islands on W(110) substrate.  

This research was in part funded by the National Science Centre (Poland) under Grant No 
2020/37/B/ST5/03540.  

  

 

Fig. 1. (a) Growth of α-Sb layers at 110 °C with complete first layer (dark background) and second layer (bright 
dendritic areas). (b) Composition of α-Sb matrix and β-Sb islands inclusions (black arrows). (c) Subsequent β-Sb 

layers with triangle shape. (d) Isolated α-Sb and β-Sb islands.  

  
[1] P. Ares, et al., Adv. Mater. 28, 6332 (2016).  
[2] G. Wang, et al., ACS Appl. Mater. Interfaces 7, 11490 (2015)  
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In this work an innovative vacuum manipulator for application in deposition of selected nanomaterials 
at chosen substrates under ultrahigh vacuum conditions. It exhibits a possibility, among others, for 
intercepting the substrate for nanomaterials deposition, its transportation inside the technological 
vacuum chamber in three perpendicular axes XYZ, and continuous rotation along the axis perpendicular 
to the substrate. Moreover, it allows uniform heating of the substrate of 2” diameter in order to its 
cleaning by means of a wide laser beam up to the temperature of 920°C in a short time, as well as by 
an additional resistive heating up to the temperature of 1200°C. What is crucial, this manipulator is 
navigable by the so called servo drives, which allow the possibility of its working in the fully automatic 
mode.   

The correctness of the operation of this innovative vacuum manipulator has been verified in the 
process of deposition of nanolayers of magnesium Mg at Si substrate, and the obtained results 
unambiguously confirmed that it can be successfully suitable for the deposition of nanolayers of 
selected electronic materials, by using, among others the method of molecular beam epitaxy (MBE), 
both in the aspect of their potential scientific application, as well as in the industrial application, for 
example in the production of solar batteries as the common photovoltaics sources of renewable 
energy.  

Financial supporting sources:  

This work was founded by the European Regional Operational Programme of Silesian Province - grant 

UDA-RPSL.01.02.00-24-0608/18-00, and was performed within the initiate doctorate, which was 

founded by the National Ministry of Education and Science.    
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Transition metal dichalcogenides (TMDCs) have attracted great attentions because they have wide 
variety of electric and optical properties and two-dimensional materials including TMDCs have 
flexibility of stacking sequence due to the weak inter-layer interaction mainly coming from van der 
Waals (vdW) interactions. Recently, large size MoTe2 monolayers consisting of 2H phase were 
experimentally fabricated on GaAs(111)B substrate by the MBE method [1]. Most of the surface is 
covered with two types of moiré patterns, and another pattern appears in very small areas of the 
surface. The former two have lattice sizes of 2.8 nm and 3.0 nm and twist angles of 0 and 0.77.̊ The last 
one has a lattice size between the former two. 

We theoretically investigate the stability of 2H-MoTe2 monolayer on GaAs(111)B substrate and their 
geometric/electronic structures by using the PHASE/0 code [2], which is based on the density 
functional theory and pseudo-potential schemes with plane wave basis sets. 

We studied seventeen models depending on twist angle and lattice mismatch. It is found that the three 
models with the largest adsorption energies corresponds to the three moiré patterns observed in the 
experiments. Those stable models have smaller lattice mismatch and smaller twist angle. It is 
reasonable that systems with small lattice mismatch are preferable. As for twist angle, it is found that 
a system with smaller twist angle has smaller interlayer distance, resulting in the energetic stability due 
to the vdW attraction force.  In the presentation, we will show simulated STM images to compare the 
experimental ones. 

This work was supported by the Innovative Science and Technology Initiative for Security Grant Number 
JPJ004596, ATLA, Japan. 
 
[1]  A. Ohtake, X. Yang, and J. Nara, npj 2D Mat. and Appl. 6, 35 (2022). 
[2] T. Yamasaki et al., Comp. Phys. Comm. 244, 264 (2019). 

Fig. 1. Adsorption energy of MoTe2 on 
GaAs surface as a function of twist angle. 
Three red circles correspond to the 
experimentally found structures. 

Fig. 2. Distance between MoTe2 and GaAs 
surface as a function of twist angle. Three 
red circles correspond to the 
experimentally found structures. 
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Gd3+-doped yttrium aluminum perovskite (YAlO3:Gd3+) exhibits sharp cathodoluminescence (CL) in the 
UV and visible region attributed to 4f-4f transition in Gd3+ ions [1]. This study employs the CL properties 
of YAlO3:Gd3+ thin film as nanometric light source for an electron beam excitation assisted (EXA) optical 
microscopy. The EXA microscopy has been developed for high-resolution imaging of living biological 
specimens beyond the diffraction limit of light under ambient atmosphere [2–4]. Intense CL with 
homogeneous luminescence in area is crucial for accurate imaging on the EXA system because images 
are constructed on the basis of the CL intensity, which is generated through excitation by electron beam 
focused into a few nanometers in diameter, at each pixel. In the present work, YAlO3:Gd3+ thin film was 
fabricated onto LaAlO3 (LAO) buffer layer to enhance the CL intensity by obtaining a high crystallinity 
and strong orientations of crystallites. 

LaAlO3 and YAlO3:Gd3+ thin films were fabricated by a radio frequency magnetron sputtering method 
using LaAlO3 (purity: 99.9%) and Y0.97Gd0.03AlO3 (purity: 99.9%) disk targets, respectively. Following 
YAlO3:Gd3+ deposition, the sample was annealed in a quartz tube furnace. Figure 1a shows typical CL 
spectra for the YAlO3:Gd3+ thin film with and without LaAlO3 buffer layer. CL intensity of the sample 
with the LAlO3 buffer layer was twice larger than that without LaAlO3 buffer layer. Next, the LAO layer 
was annealed at 1000℃ for 3 hours under several atmosphere before the deposition of YAlO3:Gd3+ thin 
film. Pre-annealing of LAO layer enhanced obviously the UV emission of YAlO3:Gd3+ thin film as shown 
in Figure 1b. SEM shown in Figure 1c revealed different morphologies probably due to change of the 
adhesion between LAO and YAlO3:Gd3+ layers by pre-annealing of LAO layer. We will discuss 
enhancement of CL intensity along with the crystallinity and show imaging on the EXA optical 
microscopy with intense CL of YAlO3:Gd3+/LAO system. 

 

 
Fig. 1. (a) CL spectra for YAlO3:Gd3+ thin film with and without LAO buffer layer. (b) CL spectra for 
YAlO3:Gd3+/LAO thin film with pre-annealing of LAO layer. (c) SEM images of same samples in (b). 

 
[1] Y. Shimizu et al., Thin Solid Films, 571, 90 (2014). [2] W. Inami et al., Opt. Express, 18, 12897 (2010). [3] M. Fukuta et al., 
Biophotonics, 10, 503 (2017). [4] M. Kolchiba et al., Opt. Mater. Express, 9, 1803 (2019). 
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Silicene is a two-dimensional material composed of silicon atoms arranged in a honeycomb crystallographic 
structure [1]. This material is attracting increasing attention because it appears to be a promising alternative to 
existing electronic technologies with an expected high degree of integration [2]. Like its precursor, graphene, it is 
characterized by bands of linear dispersion that form Dirac cones giving it new properties [3]. 

The main difference between silicene and graphene is that it does not exist as a free, single layer. To date, it has 
been possible to synthesize silicene in epitaxial form using mainly metal surfaces [4]. However, the presence of a 
metallic substrate can significantly modify the electronic structure of silicene.  
On the other hand, the substrate is an excellent tool for functionalizing silicene [5]. Strong silicene-substrate 
interactions can lead to the formation of new energy bands and, consequently, to new exotic properties of 
complex silicene heterostructures, which are not available separately for the individual components. 

The results presented here concern measurements of Si structures on one-dimensional ordered substrates 
stepped Si surfaces covered with Au layers. Studies performed with a scanning tunneling microscope (STM) show 
that an attempt to produce silicene on vicinal surfaces usually results in a strong modification of the substrate 
structure. The surface loses its ordered, one-dimensional character and wide, irregular terraces are observed. 
However, even on such structures, planar silicene was still seen in addition to structures characteristic of Si-Au.  

The work has been supported by the National Science Centre (Poland) under Grant No.  2018/29/B/ST5/01572. 

[1] K. Takeda, K. Shiraishi, Phys. Rev. B 50, 14916 (1994) 
[2] L. Tao, E. Cinquanta, D. Chiappe, C. Grazianetti, M. Fanciulli, M. Dubey, A. Molle, D. Akinwande, Nature Nano. 10, 227 (2015). 
[3] S. Cahangirov, M. Topsakal, E. Akturk, H. Sahin, S. Ciraci, Phys. Rev. Lett. 102, 236804 (2009). 
[4] H. Zhong, R. Quhe, Y. Wang, J. Shi, J. Lu, Chin. Phys. B 24, 087308 (2015).  
[5] [5] M. Krawiec, J. Phys.: Condens. Matter 30, 233003 (2018). 
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The understanding and promotion of chiral symmetry breaking (CSB) processes is a very active research 

topic in many fields, from biology to material science.  We are interested in the expression of chirality in 

supramolecular self-assemblies at the solid/liquid interface and how CSB processes can promote the 

formation of functionalized surfaces that are homochiral. Here, we present a joint Scanning Tunnelling 
Microscopy (STM) and modeling approach to investigate how cyclophanes, a class of highly tunable chiral 

molecules, self-assemble at the solution/graphite HOPG interface and how chirality is transferred from the 

molecular level to the monolayer. STM images reveal that these molecules tend to self-assemble in 

domains of parallel supramolecular stacks (lamellae). A DFT/atomistic multiscale modelling strategy is used 

to study the way chirality is expressed in such monolayers, as well as to investigate their structures and 
stabilities. STM images of the assembly of brominated cyclophane molecules show domains whose chirality 

cannot be clearly assigned based on their orientation or molecular contrast. This suggests the self-assembly 

is either a racemic compound or a racemic conglomerate with a low chiral expression. Our modeling 

confirms the most stable monolayer for brominated cyclophane is a racemic compound, and it suggests 

ways to design new molecules, such as phenylated paracyclophane, to promote the formation of 
homochiral domains with a clear chiral expression.  

 

Fig.1 a) Chemical structure of the Br-Paracyclophane b) STM image of its self-assembly c) Modelled racemic structure. 

Unit cell in blue.  
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In this work we show the self-assembly of a tricarboxylic acid derivative of trimesic acid (BTA) at 
heptanoic acid-, nonanoic acid-graphite interface. At both interfaces BTA forms a trimer based-
selfassembly, super-flower (SF) pattern. The spontaneously formed SF pattern is observed to be 
dynamically converting to a dimer-based assembly, chicken-wire pattern (CW), at hepatanoic 
acidgraphite interface while scanning. Interestingly, at nonanoic acid-graphite interface SF pattern 
remains stable and not converted to CW pattern. We attribute that the formation energy of both SF 
and CW patterns is comparable. The difference in the stability of different patterns in heptanoic acid 
and nonanoic acid is most likely related to the solubility of BTA in these solvents.[1,2]    
 
1) T. N. Ha, T. G. Gopakumar, M. Hietschold, J. Phys. Chem. C, 2011, 115, 21743.  
2) Markus Lackinger, Stefan Griessl, Wolfgang M. Heckl, Michael Hietschold, George W. Flynn, Langmuir 2005, 21, 11,  
4984–4988  
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Owing to the exponential growth of urbanization and industrialization, the entire world currently has 
serious air pollution problems, with air constantly inhaled by most living beings. One of the most 
polluting toxic gases is NO2, a precursor of NO. It is estimated that approximately 3.8 million people 
have serious diseases that can be fatal and are attributable to environmental contamination. This 
indicates that the current efforts to mitigate this environmental problem have not been sufficient. This 
suggests that new strategies should be developed to reduce pollution, and therefore, the number of 
diseases and problems it generates. Recently, the potential use of graphene-type solid-state materials 
has been widely investigated. When modified with defects, such as doping or functionalization, it 
enables the detection and storage of a wide range of toxic molecules [1,2]. In this work, we have studied 
the effects of functionalization with transition metals such as Au, Ag, and Cu on the interaction capacity 
of siligene with NO molecules. We hope to improve the interaction between the nanomaterial and NO 
molecules as a first study towards the removal of these molecules from the environment and perhaps 
even the possible conversion of toxic NO molecules to non-toxic molecules such as N2 and O2 through 
a catalytic process.  

This work was partially supported by the multidisciplinary project IPN-SIP 2023-2274, -2079 and UNAM-
PAPIIT IN109320. The computational calculations were performed on the Miztli supercomputer of 
DGTIC UNAM (LANCAD-UNAM-DGTIC-180 and -381 Projects).  
 

  
Fig. 1. a) Adsorption of NO molecules on pristine siligene, and b) possible adsorption sites for decorating 

metals.  

 
[1] A. N. Sosa, et al., Surf. and Interfaces 30, 101886 (2022).  
[2] B. J. Cid, et al., Appl. Surf. Sci. 610, 155541 (2023).  
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Phthalocyanines are a particularly promising candidate for an efficient active layer in electronic devices 
as their properties can be controlled by their chemical composition. In this contribution, we will present 
a study on the physical vapor deposition of fully fluorinated copper phthalocyanine (F16CuPc) molecules 
on silver (100) surfaces held at room temperature. Low Energy Electron Diffraction (LEED) was used to 
monitor the deposition for coverages between zero and 2.5 monolayer (ML). The electrons used in the 
diffraction experiment had an energy of 12 eV. The deposition was carried out at a deposition rate of 
0.1 ML/min.   

During the initial deposition, the obtained LEED patterns show features characteristic of the presence 
of a 2D molecular gas phase. We detect four lobes around the (0,0) spots, which originate from the 
incoherent superposition of the diffraction patterns of individual molecules adsorbed randomly on a 
lattice in well defined adsorption geometries. With the increasing number of molecules on the Ag(100) 
surface, the diffraction spots appear, revealing the formation of an ordered, condensed phase for 
coverages above 0.8 ML. The intensity of diffraction spots increases until it reaches a maximum 
associated with completion of the ordered F16CuPc monolayer. We will present the analysis of the LEED 
patterns based on the changes of molecular arrangements on the surface. This analysis suggests the 
coexistence of two mirror domains on the surface upon closing the first monolayer. It was confirmed 
in a separate experiment, in which the Ag(100) covered by monolayer of F16CuPc was imaged in dark 
field mode of the Low Energy Electron Microscope (LEEM). Further deposition of F16CuPc leads to a 
weakening of the diffraction reflexes and re-appearance of the features characteristic for presence of 
the 2D molecular gas on the surface. Likely, the condensed structure of the second monolayer also has 
a precursor in form of a 2D molecular gas phase.   
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Nanostructured materials for biomedical applications cover important processes that take place at 
solid-gas and solid-liquid interfaces [1-3]. Photoelectron spectroscopy (PES) is the most powerful 
technique for understanding these processes at the atomic level and it is the key to improving the 
performance of nano biomaterials. We would like to promote the latest equipment, technology 
solutions, and innovations in the photoelectron spectroscopies field. Here it will be presented an 
innovative and compact PES research platform for routine photoelectron spectroscopy and ambient 
pressure photoelectron spectroscopy for the study of biomaterials. The design, construction, and 
technical parameters of the new monochromatic ultraviolet source with an analyser will be presented. 
We will report the research results of UPS/XPS measurements of bio-materials. Moreover, it will be 
demonstrated the sources and analyser operation in the different pressure and temperature 
conditions.  
  
[1] Yue Qu et. al, Biofilm, 5, 1000124 (2023),  
[2] Paolo Canepaue et. al, Materials, 16, 784 (2023),  
[3] Y. Zhang et. al, Biomaterials, 293, 121953 (2023).  
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The investigation reported here examines, by high resolution core level x-ray spectroscopies, the 
formation of aligned one-dimensional porphyrin chains on vicinal gold surfaces through on-surface 
synthesis. Our studies begin with nickel:5,15-dibromophenyl,15,20-diphenylporphyrin precursor 
molecules which are deposited on an Au(788) crystal at a sub-monolayer coverages, which, after 
annealing, dehalogenate forming oligomers via Ullmann coupling, and via higher temperature 
annealing cyclodehydrogenate resulting in a planarized extended conjugated structure. The on-surface 
synthesis is studied by high-resolution C 1s, N 1s and Br 3d X-ray photoemission spectroscopy (XPS) and 
by C and N K-edge and Ni L-edge Near Edge X-ray Absorption Fine-structure Spectroscopy (NEXAFS) as 
a function of the annealing temperature via continuous monitoring of C 1s and Br 3d XPS signals. High 
resolution XPS and NEXAFS is then repeated at the initial oligomer chain formation stage and at higher 
temperatures consistent with cyclodehydrogenation of the porphyrins. At higher temperatures the 
phenyl groups fuse onto the β-positions of the porphyrin macrocycle, forming extended planarized 
porphyrins [1,2] which are now in a linked cyclodehydrogenated (CDH) chain.  
Results indicate the successful formation of flat π conjugated 1D CDH nickel-porphyrin chains on the 
Au (788) surface with distinct spectroscopic changes between the molecular, chain and CDH chain 
stages, and supported by STM measurements. The final C 1s XPS was consistent with the expected 
stoichiometry of the planarized porphyrins exhibiting a reduced shake-up feature which decreased 
from 2.1 eV higher energy from the main photoelectron line in the as-deposited molecules to a lower 
1.6 eV consistent with a reduced HOMO-LUMO gap in the now extended planar porphyrins. The 
robustness of the final CDH chains is confirmed by the presence of a π conjugated system with 
unchanging Ni spectra from molecular precursor to CDH chain implying the Ni cores retain their single 
site character in their new strong one-dimensional backbone consistent with recent publication. [3] 
Comparison with density functional theory simulations of electronic structure and of the NEXAFS 
spectra are shown. 
 
We acknowledgement the support of the Irish Research Council. 
 
[1]  Bischoff F, et al. J. Am. Chem. Soc. 143 (2021) 15131–8 
[2]  Wiengarten A, et al. Chem. – A Eur. J. 21 (2015) 12285–90 
[3]  Baranowski D, et al.  Angew. Chemie Int. Ed. 61 (2022) e202210326 
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Functional surfaces decorated with organic molecules and/or nanoclusters (NCs) composed of several 

tens of atoms are promising for use in future photoelectronic substrates, whose functionalities are 

governed by molecular local electronic/plasmonic excitations at the interfaces. Here, we combine 

twophoton photoemission spectroscopy (2P-PES) and microscopy (2P-PEEM) to investigate the local 

excited-state dynamics at organic surfaces functionalized with plasmonic NCs.   

The 2P-PES and 2P-PEEM for organic fullerene (C60) layers on a graphite substrate probes the ultrafast 

dynamics of photocarrier generation in the C60 layers with high energy (20 meV), spatial (100 nm), and 

temporal (30 fs) resolutions[1]. Furthermore, by depositing size-selected silver NCs (Agn), 

2Pphotoemission is drastically enhanced by plasmon-induced hot electrons (Fig. 1(a)), where the 

threshold number of Ag atoms (n ≥ 9) for the plasmonic response is revealed by the NC size dependence 

of 2P-PES (Fig. 1(b)) [2].   

Using plasmon-active gold (Au) substrate for C60 deposition, we clearly visualize and characterize 

propagating surface plasmon polaritons (SPPs) generated at the C60/Au interface. However, the SPP 

imaging is invalid at the C60 layer thicker than ~10 nm because of weakened 2P-photoemission from 

the topmost surface (Fig. 1(c)). To overcome this problem, plasmonic Agn NCs are deposited on the 

thick C60 layer as a SPP sensitizer, which enables to image SPPs at “buried” interface (Fig. 1(d)) [3]. These 

spectroscopic and microscopic methodologies probing 2P-photoemission have the potential to reveal 

the optical and plasmonic properties of a variety of functional nanoscale systems, which will be 

applicable to the design and control of future functional nanomaterials[4].    

Fig. 1. (a) Plasmon-induced hot-electron generation at Ag21/C60 system exhibiting high polarization selectivity 
characteristic to the plasmonic phenomenon at surface. (b) Energy diagram. (c,d) 2P-PEEM for thick C60/Au 

system (c) before and (d) after Ag21 NCs deposition. Buried SPPs can be visualized by Ag21 NCs in (d) top. 

[1] M. Shibuta, et. al., Sci. Rep. 6, 35853 (2016), Appl. Phys. Lett. 109, 203111 (2016), J. Phys. Chem. C 124, 734 (2020)   
[2] M. Shibuta, K. Yamamoto, T. Ohta, T. Inoue, K. Mizoguchi, M. Nakaya, T. Eguchi, A. Nakajima, ACS Nano, 15, 1199 (2021).   
[3] K. Yamagiwa, M. Shibuta, A. Nakajima, ACS Nano 14, 2044 (2020).  [4] M. Shibuta, A. Nakajima, J. Phys. Chem. Lett. 14,  
      3285 (2023).    
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Graphene nanomesh (GNM) has potential applications in electronic devices because its band structure 
depends on the distance between the nanoholes [1]. However, the size and spacing of nanoholes must 
be controlled on a nanometer scale, and it is difficult to fabricate such structures using lithographic 
techniques. Bottom-up fabrication of nanostructures using Ullmann coupling of aryl halides on metal 
surfaces is one of the promising techniques for fabrication of graphene nanostructures. The advantage 
of this method is that the formed structure can be defined by the structure of precursor molecules.  

In this study, we observed structures formed by hexabromo-triphenylene (HBTP) on Au(111) and 
Cu(111) surfaces with scanning tunneling microscopy (STM) at 77K. HBTP is a candidate precursor to 
form GNM by Ullmann coupling. Dependencies of the formed structure on the surface temperature 
during deposition and the annealing temperature were analyzed. All processes and observations were 
carried out in ultra-high vacuum. 

HBTP molecules deposited on Au(111) at room temperature formed hexagonal lattice without 
polymerization. After annealing at 373K, mesh structure, in which the distance between holes was 
approximately 0.8nm, was formed (Fig.1(a)). This distance agreed with that in the expected GNM 
formed by HBTP. The molecules deposited on Cu(111) at room temperature formed randomly 
connected filament-like aggregates and subsequent annealing did not change the structure. While the 
molecules deposited on Au(111) at 473K did not form the mesh structure, deposition on Cu(111) at 
473K made them the mesh structure where the distance between the holes as the same as that of the 
expected structure (Fig.1(b)).  

The results show that fabrication of 
GNM was succeeded by polymerization 
of HBTP molecules on both of Au(111) 
and Cu(111) and the polymerization 
conditions depended on the substrate 
materials that should determine 
molecular diffusivity and strength of the 
catalyst [2].  

 
 
 
 
[1] YANG, J. et al., Nanoscale 6 13301-13313 (2014) ; OSWALD, W. and WU, Z. Phys. Rev. B 85 115431 (2012) 
[2] Nagatomo, Y. et al., Jpn. J. Appl. Phys. 59, SDDA16 (2020) 
 

     
Fig. 1 STM images of mesh structure on Au(111)(a) and 
on Cu(111)(b). 
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The metal centres of metalized phthalocyanine are imaged surprisingly differently for different metals.  
We analyze this imaging difference in the metal center of two metalized phthalocyanines, 
Cuphthalocyanine (CuPc) and Co‐phthalocyanine (CoPc), adsorbed on the Ag(100) surface with use of 
apparent height spectroscopy performed with a low‐temperature scanning tunneling microscope 
(LTSTM) and density functional theory (DFT) calculations.  The local density‐of‐states of the two metal 
atoms within phthalocyanines are investigated on Ag(100) over a wide range of voltages utilizing 
apparent height spectroscopy performed with a LT‐STM.  Based on the obtained spectra the voltage 
ranges with and without chemical difference in phthalocyanine imaging were identified.  The spectra 
further reveal the different shift of the LUMO orbital upon adsorption.  The voltage dependence of 
apparent height differences between the organic ligands and the metal atom are related to molecular 
orbitals that are differently changed through charge transfer from the surface to the molecule.  

These findings are confirmed by the spatial distributions of the all‐atom electron charge density of two 
metalized phthalocyanines adsorbed on Ag(100) calculated by using DFT, differential density‐ofstates 
(see Fig. 1), and the electron charge redistribution determined using a Bader charge analysis. Due to 
adsorption both Pc, the CuPc and CoPc, are negatively charged by –0.94 e and –0.78 e, respectively.  
The central metal atom is gaining a negative charge of 0.48 electrons in the CuPc molecule but more 
than three times of this value (1.57 electrons) in the case of CoPc.  Thus, the charge of the metalized 
phthalocyanines adsorbed on Ag(100), not taking account the metal atoms, is –0.46 e for CuPc 
(negatively charged) and 0.79 e for CoPc (positively charged).  We thus ascribe the imaging difference 
of disparate metal centres of metalized phthalocyanine to differing charge transfers induced by the 
respective metal atoms.  

Acknowledgements:  The research project was partly supported by the program “Excellence initiative–
research university” for the years 2020–2026 at the University of Wrocław. Calculations have been 
carried out using resources provided by Wroclaw Centre for Networking and Supercomputing 
(http://wcss.pl), grant No. 584.  

Fig. 1. Differential density‐of‐states of CuPc (left) and CoPc (right) adsorbed on Ag(100). The isosurfaces of 
positive (red, more electron charge) and negative (blue, less electron charge) values are presented. All 

isosurfaces (red and blue) correspond to an electron density value of 0.001 e/Å. 
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Recently there has been a push towards bio-oils and more effective production hereof, for use in fx. 
the aviation industry. A promising method for decomposing biomass is pyrolysis, where biomass is 
heated in an O2-free atmosphere. The pyrolysis oil contains a large amount of O-containing compounds, 
which must be removed due to their instability and corrosiveness [1]. This can be done through the 
process of hydrodeoxygenation (HDO), in which a catalyst, in the presence of H2, cleaves off O and 
exchange it for H, preferably without C loss. A promising catalyst for HDO is MoS2-catalysts, due to their 
stability in the presence of S, which is always present in bio-oil, but poisons many other catalysts.    

MoS2-based catalysts have been extensively studied for their role in hydrodesulfurization[2,3]. But little 
is known about their interaction with the O-containing compounds at HDO-relevant conditions. The 
catalyst can oxidize over time, which poisons the catalytic ability. Literature suggests an S-O exchange 
on the edge of the MoS2-islands [4,5]. But does not describe the nature of the exchange.  

To study the structure of the catalyst in the presence of O-containing organic compounds. We use 
model systems of submonolayer coverages of MoS2 on an Au(111) surface. These model systems are 
studied using Ambient Pressure X-ray Photoelectron Spectroscopy, while exposing MoS2 to millibar 
pressures of ethyl formate and/or H2 at elevated temperatures, revealing the structure of the MoS2-
catalyst at near operando conditions. Furthermore, this spectroscopic data is supplemented with UHV 
Scanning Tunneling Spectroscopy to visualize the nature of the active site.   

 

 

Fig. 1. a) UHV-STM image of a partially reduced MoS2 island after 10-6 mbar H2 exposure for 30 min. Here arrows 
indicate S-vacancies. b) Ball model of the MoS2 island showing the same vacancies.  

 
 
[1] A.V. Bridgwater, Biomass and bioenergy, 38, 68-94 (2011) 
[2] N. Salazar et al., Nature Communications, 11, 4369 (2020) 
[3] J.V. Lauritsen et al., Journal of Catalysis, 328,49-58 (2015)  
[4] A. Gaur et al., ACS Catalysis, 9, 2568-2579 (2019) 
[5] M. Badawi et al., Catalytic Communications, 12,901-905 (2011)   
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Hydrogenation of carbon dioxide (methanation) is one method of the Carbon Capture and Utilization 

(CCU) approach. The dominant group of methanation catalysts are nickel-based materials in the form 

of powders and granules. Problematic aspects of the catalysts operation results from phenomenon 

which accompanying of exothermic character reaction and include sintering at higher temperatures, 

deactivation due to coke deposition, low mechanical strength, low resistance to poisoning. Current 

research directions indicates that suitable catalysts for methanation may be structures which provide 

a turbulent gas flow which promotes radial mass and energy transfer and results in better mixing of 

reactants.   

  

In this work proposed the conception of modular catalysts with segmented construction realized by 

connection of individual straight – channel segments together to obtain long – channel monolithic 

catalyst with turbulent gas flow. Nickel supported on gamma alumina oxide was used as active phase. 

3D printing technology was used as a tool to protoyping and modification of catalyst structure. Material 

was characterized by Scanning Electron Microscopy (SEM), X–ray Diffraction (XRD) and Brunauer– 

Emmet–Taller (BET) Surface Area Analysis methods. It was noticed that by configuration of each 

segment it is possible to precisely control the gas flow along the catalytic bed by adjusting its rate to 

the step of the reaction and controlling its conditions. This results in control of temperature and 

concentration profile and allows to minimalize local overheating (hot spot phenomenon) in catalytic 

bed which consequently provides stable operation of catalysts with high conversion of carbon dioxide 

to methane. In addition, it was demonstrated that proposed solution by simplicity of construction may 

be alternative for conventional used form of methanation catalysts with possibility of comprehensive 

design approach to the realization of process.   
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Photocatalysts are useful for various applications, including the conservation and storage of energy, 

wastewater treatment, air purification, semiconductors, and to produce high-value-added products. 

Herein, ZnxCd1-xS nanoparticles (NPs) with different concentrations of Zn2+ ions were successfully 

fabricated. In-situ X-ray photoelectron spectroscopy (XPS) was performed to investigate the effect of 

the Zn vacancies on the irradiation wavelength for photocatalytic activity. Furthermore, 

wavelengthdependent photocatalytic degradation (PCD) activity of the ZnxCd1-xS NPs was investigated 

using 2,5hydroxymethylfurfural (HMF). We observed that the selective oxidation of HMF resulted in 

the formation of 2,5-furandicarboxylic acid (FDCA) depending on the irradiation wavelength for PCD. 

Herein, we used HMF to evaluate the photocatalytic activity of ZnxCd1-xS NPs. In addition, we 

performed in situ X-ray photoelectron spectroscopy (XPS) measurements to investigate their 

wavelength-dependent photocatalytic activity as shown in Fig.1. Thus, this strategy is expected to 

contribute to the efficient design of novel photocatalysts for the selective oxidation of HMF.  

  

 

  

Fig. 1. Wavelength-dependent structural modifications of ZnxCd1-xS nanoparticles by investigating the 
photocatalytic oxidation of 2,5-hydroxymethylfurfural (HMF)  
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Direct oxidation of methane using molecular oxygen represents a very promising pathway for methanol 
production. This approach was realized in the FER matrix which offers a special arrangement for the 
stabilization of two Fe(II) across FER channel which afforded in the splitting of oxygen molecule to give 
active α-oxygen sites [1]. Our results show that α-oxygen is also formed in another type of zeolite, 
mordenite, modified with Fe2+ exchangeable cations. By employment of advanced spectroscopic 
methods, i.e. in situ and operando IR, DRS UV-vis, and Vis-NIR-IR approaches, the presence of iron 
species in mordenite performing simultaneous molecular oxygen splitting and methane oxidation was 
confirmed. The formation of methanol was verified in mass spectrometry experiments. For a deeper 
insight into the nature and the structural changes of iron species in mordenite in the reaction mixture 
containing methane and molecular oxygen 2D COS UV-Vis-NIR-IR study were applied (Fig. 1). The 
scrutiny of the Vis-NIR-IR spectra revealed the structural changes of Fe(II) after O2 treatment and 
formation the spectral features typical for α-O stabilized on iron sites. These results approved the 
cooperation of iron sites (binuclear iron centres) in mordenite that can exclusively perform molecular 
oxygen splitting. Interaction of α-O with methane led to rebuilt of Fe(II) and the formation of 
oxygenates, which were simultaneously by FTIR methods. A combination of the results obtained from 
mass spectrometry and operando 2D COS UV-Vis-NIR-IR confirmed the production of methanol, as the 
first product of methane oxidation, with is in the presence of a reaction mixture of molecular oxygen 
and methane is subsequently oxidized to formaldehyde, formate species, carbon oxide and carbon 
monoxide. 

 

Acknowledgement: This research was funded by National Science Centre, Poland [the Grant No. 
2021/41/B/ST4/00048]. 

 
Fig. 1. 2D COS maps for the reaction of methane and oxygen stoichiometric mixture over Fe-exchanged 

mordenite followed by IR spectroscopy.  
 
[1] K. Mlekodaj, M. Lemishka, A. Kornas, D. Wierzbicki, J. Olszowka, H. Jirglová, J.Dedecek, E. Tabor, ACS Catal. 13, 5,  3345 (2023) 
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Oligomerization of light olefins is a very promising method for the production of strategic intermediates 
for the chemical industry. Unique properties of nickel enable the oligomerization of ethylene and 
propylene into a wide range of oligomers. Nickel-loaded zeolites were also identified early on as 
suitable candidates. Both qualitative and quantitative assessment of individual chemical species is 
decisive for modification of the zeolitic redox catalyst by introducing centres of desired nature in the 
proper amounts. The determination of the nature of nickel centres and the factors affecting their 
population in various zeolitic structures by employing operando DRS UV-vis spectroscopic tool were 
undertaken. The accurate attribution of UV-vis bands is the basis to define the factors affecting the 
nickel species diversity. 

Depending on AlO4
- tetrahedra density (Si/Al) in the zeolite framework and their organization (single Al 

vs. Al pairs) the formation of the bare Ni2+ cation is accompanied by the formation of hydroxo-species 
via hydrolysis process (Ni2+ + H2O = NiOH+ + H+). Olation processes give nickel(II) oxo-forms as ultimate 
ones. Such hydrolysis takes place upon activation of Ni-zeolites at elevated temperatures since 
framework oxygens atoms have to substitute water molecules 
in the coordination sphere Ni2+. Figure 1 presents the 
development of various nickel sites upon the removal of water 
molecules from the coordination sphere of Ni2+ ions in zeolite 
Ni1.0ZSM-5 (1.0 wt. % Ni) by thermal treatment. The number of 
AlO4

-, allows to stabilize the divalent Ni2+ cations in some 
quantity (as identified by the band at 205 nm,) while also a 
share of clustered oxo-species NiOx

δ+ is formed (422 nm). The 
formation of the latter is due to the high loading of Ni in zeolite. 
The negative charge of the zeolite framework is not able to 
compensate for a high number of Ni2+ isolated cations thus the 
splitting of a double-positive charge of Ni2+ into two mono-
positive charges of H+ and NiOH+ through hydrolysis occurs. As 
a result, the [Ni(H2O)6]2+ and [Ni(OH)2(H2O)4] (233 nm) 
complexes accommodated in the pores of pristine Ni1.0ZSM-5 
are converted in Ni(OH)2 (290 nm, 220 oC) and subsequently in 
Ni2+(O2-)Ni2+ (350 nm, 320 oC) and more clustered NixOy oxo-
species (422 nm, 450 oC). 

Operando measurements (UV-Vis spectroscopic investigations 
of the catalyst's surface coupled with GC-MS analysis of the products formed) possess enormous 
potential in defining the nature of catalytically active centres and reaction paths. 

 

Acknowledgement: This research was carried out with financial support of National Science Centre, 
Poland [the Grant No. No. 2021/41/B/ST4/00048]  and with the financial support of the Faculty of 
Chemistry as part of the Strategic Program Initiative of Excellence at the Jagiellonian University. 

Fig. 1. Top-down projection of the DRS-
UV-Vis spectra of Ni-ZSM-5 (1.0 wt.%) 
collected at 30-500 oC in nitrogen flow. 
The spectra were collected using  
a Shimadzu UV-2600 spectrometer, 
equipped with Praying Mantis cell. 
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The understanding of catalytic conversion of chemicals over Cu-based catalysts is of great interest to 
industry. Not only is Cu cheap, it is a basic ingredient in the only industrial process that converts CO 
into methanol. Fundamental understanding of this complex heterogeneous catalytic processes is 
lacking, though, as copper easily oxidizes and oxidation is surface-structure dependent. Crucial surface 
reactions may take place both on metallic Cu and (partially) oxidized patches. In our studies, we use Cu 
single crystals to have the best possible control over surface structure. We use both atomically flat and 
stepped surfaces. Here, we focus on oxygen and its interaction with the stepped Cu(211) surface [1], 
that is described best as 3-atom wide (111) terraces separated by (100)-type steps. We confirm the 
oxygen-induced reconstruction of this surface to a double stepped surface . Using LEED we show that 
the reconstruction is thermally driven, occurs around 300 K, and leaves a very stable, well-ordered 
oxide overlayer. Furthermore, we show that the resulting double-high stepped O/Cu(755) structure has 
chemical activity toward CO forming CO2. 

 

Fig. 1. LEED patterns of Cu reconstruction process 

 
[1] G. Witte, J. Braun, D. Nowack, L. Bartels, B. Neu, G. Meyer. (1998). Phys. Rev. B, 19, 13224. DOI: 10.1103/PhysRevB.58.13224 
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The adsorption of halogens on metals is a fundamental question in surface science [1]. Detailed 
knowledge in this regard is important for any processes on surfaces, in which halogens are involved as 
a reactant or by-product. This plays a role, for example, in electrochemistry, when the electrolyte 
adsorbs at the electrodes [2], or also in on-surface synthesis, which often relies on coupling reactions 
with halogens as the leaving group, leading to their accumulation on the surface [3]. 

We investigated the adsorption and thermal evolution of elemental bromine on the Rh(111) single-
crystal surface by synchrotron radiation-based high-resolution X-ray photoelectron spectroscopy (XPS), 
temperature-programmed XPS (TPXPS), low-energy electron diffraction (LEED) and density functional 
theory (DFT) calculations. The adsorption of bromine on Rh(111) held at 170 K was followed in situ by 
XPS. We observe a single species for low coverages, which can be assigned to bromine on fcc hollow 
adsorption sites. For higher coverages, a second species evolves, belonging to bridge-bound bromine, 
and a shift to lower binding energies occurs, caused by strong adsorbate-adsorbate interaction. Using 
LEED as a complementary method, different superstructures of bromine on Rh(111) are found: Low 

coverages (up to 0.33 ML) lead to a (3×3)R30° structure while coverages > 0.33 ML exhibit a more 
complex, star-shaped compression structure. From the LEED images corresponding schematic 
representations of the real space could be derived using DFT, visualizing the compression-induced shift 
of bromine from fcc hollow sites to bridge sites upon increasing surface coverage. TPXPS proves a quite 
high thermal stability of bromine on Rh(111) up to 925 K, indicating strong/covalent bonding. 

We thank HZB for the allocation of synchrotron radiation beamtime and the BESSY II staff for support. 
This work was funded by the DFG within SFB 953, project no. 182849149. EMF and CP thank the Fonds 
der Chemischen Industrie for financial support. 

 

 

Fig. 1. LEED image and corresponding real space model of the (3×3)R30° structure (left) and of the 
compression-induced star-shaped structure (right). 

 

 
[1] Andryushechkin et al., Surf. Sci. Rep., 3, 83 – 115 (2018) 
[2] Zhu et al., J. Electrochem. Soc., 163, H796 – H808 (2016) 
[3] Björk et al., J. Am. Chem. Soc., 135, 5768 – 5775 (2013) 
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Complex heterogeneous materials and their interfaces in operating devices can only be thoroughly 
studied by combining experimental methods to reveal the interplay between microscopic 
material/interface properties and macroscopic device performances. High energy x-ray synchrotron 
methods, applied in situ and operando, are essential in this process to study both real devices under 
operating conditions and idealized model systems under precisely controlled environments. The high 
energy beamline ID31 of ESRF offers a portfolio of x-ray characterization techniques, including 
reflectivity, wide-angle diffraction, small-angle x-ray scattering, and imaging methods, which can be 
customized for beam size, energy range, and detectors optimized for high energy x-rays. The design 
enables many different studies with remarkable potential. 

In this contribution, we will examine the design and capabilities of the beamline, while also 
presenting preliminary examples (Fig. 1) of interface characterization using X-ray reflectivity and 
other x-ray scattering techniques, such as grazing incidence X-ray diffraction of stacked materials for 
quantum chip applications. The ultimate aim is to study the various interfaces and establish 
properties like the electron density, atomic roughness and crystal structure, thereby establishing a 
correlation with the performance of the devices themselves. Obtaining detailed insights at the atomic 
level into these interfaces is critical for the advancement of the quantum chip industry. 
 

 
 

 

 

 

 

 

 

 

 

Fig. 1. Left: photograph of a sample chip (2.5 x 2.5 mm). Right: Grazing Incidence X-Ray Diffraction and X-ray 
Reflectivity profile of the device’s junction. 
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Having an atomistic understanding of the formation and structural characteristics of bulk and surface 
iron carbide phases plays a crucial role in comprehending the mechanisms of phase transformation, 
microstructure formation, and surface reconstructions in the development of advanced materials with 
improved magnetic, mechanical, and catalytic properties. This study uses synchrotron (SR)- and angle 
resolved (AR)- XPS, STM, LEED and theoretical calculations (DFT) with the aim to provide a detailed 
experimental and theoretical discussion on the formation, stabilization, structure, and decomposition 
of Fe4C iron carbide. FCC(100) Fe4C iron carbide multilayer films were prepared on Cu(100) by 
evaporating iron in presence of an ethylene atmosphere. Angle resolved XPS measurements reveal that 
surface and interior carbon can be distinguished due to their appearance at different binding energies 
and reveal that the surface consists of Fe2C while the bulk has Fe4C stoichiometry. LEED and STM 
measurements show that the surface exhibits the p4g(2×2) clock reconstruction. Theory simulations 
show that the bulk Fe4C iron carbide has a constrained crystal lattice with alternating Fe and Fe2C layers 
which grow in a pseudomorphic way on the copper. The carbide phase is stable up to 700 K. Above this 
temperature iron diffuses into the copper while carbon remains on the surface, where it forms 
graphite.  
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The widespread miniaturization of electronic devices, the introduction of new biochemical analysis 

techniques, the development of medicine, modern and information technology require materials and 

systems with a micro- or nanometer dimension [1-3]. For this reason, materials that have gained 

increasing interest in recent years are titanium-doped diamond-like coatings (Ti-DLC). However, the 

high friction coefficient and low wear resistance of this material caused its use in the production  of 

medical implants to be limited [4,5]. One of the ways to improve tribological and physicochemical 

properties of Ti-DLC on micro- and nanometer scales is to create on their surfaces one- or 

twocomponent self-assembled monolayers (SAM’s).  

The research carried out under this work is aimed at understanding the processes involved  in forming 

organosilane films of nanometer thickness and determining the correlation between  the structure of 

obtained films and their physicochemical properties.   

In this work, we present the tribological and antimicrobial properties of the obtained one- and 

twocomponent perfluoroalkylsilane layers on diamond-like coatings doped with titanium (Ti-DLC). 

Analysis and characterization of the obtained films were carried out using infrared spectroscopy (FT-

IR), contact angle, surface energy, atomic force microscopy (AFM), and a microtribometer. The 

antimicrobial properties were characterized by measuring the amount of live strains of Staphylococcus 

aureus (ATCC 6538) and Escherichia coli (ATCC 25992) bacteria present on the modified coatings after 

24 h  of incubation.  

This work was supported by the University of Lodz, within Research Grant No. B2211102000109.07  
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The adsorption energy Eads of metal, oxygen and hydrogen adsorbed on a series of strained FCC and 
HCP transition metal surfaces has been modelled using the first four moments μ(1-4) of the clean surface 
d-states [1-2]. For compressive and tensile surface strains of between -5% and +10% the adsorption 
energy Eads has been shown to be effectively modelled by a degree 6 polynomial expansion of μ(1-4).  

The physical justification for this model is discussed in terms of the distortion of the surface d-states 
during bonding, and extends the effectiveness of the conventional d-band model the which only uses 
first adsorption moment μ(1) i.e. the center of the surface d-band, to cases where the surface is 
controllably distorted. The current work discusses the changes to the width, skewness, and bimodality 
of the surface electronic states of the Pt-block metals under strain, and also shows the non-linear 
character of adsorption under strain. 

 

 

Fig. 1. (a) Fitted adsorption energy versus DFT adsorption energy, summarized for all the ad-systems considered 
in this presentation. (b) and (c) show the convergence of the fitting process with respect to the order of 
moment used in the model and the degree of the fitting polynomial used, respectively. From [1], with 

permission. 

 
 
[1] I. G. Shuttleworth, Chem. Phys. Letts. 813 140310 (2023) 
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Theoretical description of the physical processes taking place in disordered systems often involves 
lattice models with random energies (or other quantities) being assigned to the lattice sites. One 
notable example of this approach is the theory of charge-carrier transport in organic semiconductors 
developed by Heinz Bässler and collaborators [1], which yields the well-known expression of charge-

carrier mobility ~exp[-(2/3kBT)2], where  is the standard deviation of the site energy distribution. 
We also followed a similar methodology in our recent simulation studies that refined the Bässler theory 
[2] and extended it to describe electron-hole recombination in organic solar cells [3]. Despite successful 
applications of these theories, a natural question arises about validity of using lattice models in 
describing amorphous systems. 

In the present study, we verify the lattice models of charge-carrier transport and recombination in 
organic semiconductors by comparing their results with those obtained by simulating real amorphous 
systems. We generate sets of amorphous structures of different density by a Metropolis Monte Carlo 
simulation of a large ensemble of particles interacting via the Lennard-Jones potential. We then 
perform kinetic Monte Carlo studies of charge-carrier transport and recombination on these 
amorphous structures, where both positional and energy disorder are represented in a natural way 
without simplifications. 

We have found that the effect of disorder on charge-carrier mobility in the modelled amorphous 

structures is significantly different from that predicted by the lattice theories. The dependence of  on 

 is in fact much weaker than that given by the Bässler equation presented above. We explain this 
discrepancy by the fact that the site energy distributions in real amorphous structures are not well 
approximated by the Gaussian distribution assumed in the lattice models. The presence of deep energy 
traps in the tail of the Gaussian distribution, which is largely responsible for the strong effect of disorder 
on the charge-carrier mobility, has not been confirmed in our simulations. 

On the other hand, our calculations of the electron-hole recombination process did not reveal major 
discrepancies between the results of the lattice and amorphous models. The effect of disorder on the 
electron-hole recombination probability observed in the amorphous structures follows the same 
trends as predicted by our lattice theory of charge-carrier recombination in organic solar cells [3]. 
 
 
 
[1] Bässler, H., Phys. Status Solidi B, 175, 15-56 (1993) 
[2] Wojcik, M.; Zawieja, I.; Seki, K., J. Phys. Chem. C, 124, 17879-17888 (2020) 
[3] Wojcik, M.; Zawieja-Bartosinska, I.; Seki, K., J. Phys. Chem. C, 126, 16109-16116 (2022) 
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Liquid-cell transmission electron microscopy (LC-TEM) is a highly advanced method for real time 
observations of nanostructures synthesis. It allows to analyze their growth dynamics and to identify 
what factors influence the synthesis the most [1]. However, it has been reported that, depending on 
the materials, the beam may damage the nanostructure, or stimulate the nucleation [2-4].  

In the presented research, LC-TEM was used for imaging PtNi nanoparticles synthesis via cyclic 
voltammetry [5,6]. In situ observations of the growing film were correlated with voltammograms for 
better understanding of the process. It was observed, how the nanostructure grows on the working 
electrode and how the aggregates form above it. Furthermore, ex situ electrodeposition of PtNi films 
was performed for understanding, how voltammetry parameters affect the whole synthesis. 
Eventually, various parameters resulted in different film thickness, nanoparticles size and elemental 
compositions. Those results are assessed by SEM imaging and EDS mapping. The obtained data show, 
that the nanoparticle films from both experiments exhibit the same nanostructures and chemical 
compositions, which confirms successful transfer of the experiment into LC-TEM.  

 

 
Figure 1: a) HAADF STEM image of PtNi nanoparticle synthesised ex situ; scale bar: 20 nm; b) Construction of 

the Liquid Cell. The electrolyte flows between two E-Chips, while the electron beam transmits through the 
window. c) HAADF STEM image of PtNi film fabricated in situ on the WE in LCTEM; scale bar: 50 nm 
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In this research, glassy carbon electrodes were surface modified, via drop-casting method, with two 
oxygen-containing graphene derivatives. Structural difference between graphene derivatives were 
revealed by FT-IR and Raman spectroscopy. To show different electrochemical behavior of both surface 
modified sensors - biologically active compound - a non-steroidal anti-inflammatory drug acemetacin 
(ACM) was chosen for electroanalytical characterization.  

Various voltammetric techniques, were used to investigate the electrocatalytic effects of the studied 
graphene derivatives, as to show how strong might be the influence of surface modification on the 
ACM electroanalysis. Density functional theory (DFT) calculations were performed to analyze the 
electron density and spatial distribution of the HOMO orbital of ACM in order to determine the most 
probable electrooxidation site in the molecule structure. Scanning electron microscopy was employed 
to examine the modified glassy carbon electrodes surface, and it was discovered, that the morphology 
is relatively strongly altered via modification, and therefore modifier layer is affecting the electron 
transfer process of the targeted analyte and its overall electrode mechanism.  

Finally, it was proven that different oxidation mechanisms were preferred at each of the modifier layer 
suggesting that for complex molecules, e.g. drugs, similar behavior to that observed for acemetacin 
can be expected as long as the structure of the molecule is so complex that different oxidation 
mechanisms are possible. What more, the ability to obtain compound signals with two completely 
different mechanisms gives a field for control of the sensor properties, e.g. when we are interested in 
studying the kinetics of a specific mechanism or the occurrence of reactions at a specific potential. 

This work was supported by the University of Lodz, Poland (Grant No. B2311113000177.07). 
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In the current trend for clean and sustainable power sources, fuel cell (FC) is constantly 
considered as a viable alternative. However, the FC as power source has problems, one being 
the oxygen reduction reaction (ORR). The development of green and low-cost materials with 
elevated performance toward the ORR is one of the principal issues to make real the FC 
technology. [1] In this respect, carbon-based metal-free nanomaterials are permanently 
evaluated as electrocatalysts for ORR, due to their high electrocatalytic activity, long-term 
stability and low cost. [2] The size of nitrogen-doped graphene hexagonal quantum dots (GQD) 
has been reported to affect the ORR performance [3]. Also, ORR is more easily 
electrochemically catalysed at the edge than on the basal plane.  Consequently, in this 
research, we study from the thermodynamic point of view using DFT how N modifies the 
activity for ORR of GQD of triangular shape compared to the pristine structures. Depending on 
the position of N in the GQD, it induces less or more reactive sites. We have worked on two 
types of edges formed directly from cutting graphene, zigzag (zz) and armchair (ac) of three 
sizes. Below it is pointed out the N-doped positions and the active sites (two of the studied 
structures) on which we have done the intermediates adsorption testing (from 22 carbon 
atoms to 84 carbon atoms). The highest activity is shown in the activity plot (Fig. 1 a, b) for the 
structures placed close to the top of volcanoes plot. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Theoretical calculated overpotential for the edges of graphene nanoribbon undoped & N-dopped 
for a) zigzag b) armchair 
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Interface Between Two Immiscible Electrolyte Solutions (ITIES) is a platform that under the influence 
of the applied interfacial potential difference allows the study of the charge transfer reactions 
happening within an interfacial region. Phenomena occurring at the interface of the hydrophilic and 
hydrophobic phases are purely ionic, and hence, are very different from the conventional solid 
electrodes. Experiments at the polarized liquid–liquid interface are usually performed in a classic 
macroscopic voltammetric cell with two Luggin capillaries and two sets of electrodes (platinum and 
Ag/AgCl used as counter and reference electrodes, respectively). Commonly, the aqueous phase is a 
solution of the hydrophilic salt, e.g. NaCl, LiCl; whereas the organic phase is a solution of highly 
hydrophobic salt dissolved e.g. in 1,2-dichloroethane, 1,4-dichlorobenzene ect.[1]  

The liquid – liquid interface may also be formed in microscopic apertures. The miniaturized liquid 
boundaries brings higher stability to soft junctions and significantly reduces the amount of used 
chemicals. In this research, polyamides were synthesized at the ITIES supported with a fused silica 
capillary having a pore radius equal to 25 µm. This microscopic system was created by embedding  
a silica capillary in the micropipette tip. During the measurements the tip was always filled with the 
organic phase and immersed in the reaction vessel filled with the aqueous phase.[2] Polyamide 
materials were formed at the ITIES as a result of the electrochemically controlled interfacial 
polycondensation reaction and characterized using SEM - EDX and Raman spectroscopy. 

 
Fig 1. Classical voltammetric cell used to study macroscopic ITIES (left). MicroITIES supported with a silica 
capillary with an internal diameter of ~ 25 µm used as a support for the interfacially formed polyamides. 

 
The presented research was financed by the National Science Center Poland as part of the PRELUDIUM 19 
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Electrochemical processes occurring within the electric double layer on Pt electrodes are affected by 
adsorbed hydrogen and cations[1]. Experimental electrochemical means are indicative of the mutual 
interaction and influence but are limited in helping improve understanding.   

Creating a model of the electric double layer under UHV conditions could help to investigate the double 
layer from a different perspective[2]. Using UHV models for the interface, it has already been shown 
that adsorbed H affects the hydrophobicity/hydrophilicity of Pt surfaces[3]. The step type of vicinal 
surfaces is also of influence through long-range interactions between interfacial H2O molecules[4,5]. 
Here we present a novel research approach, where we aim to extend our understanding of, and cover 
the combined roles of adsorbed hydrogen and alkaline (earth) metals in altering the interaction of 
water with platinum surfaces using appropriate UHV-based models of the electrochemical interface.   

The experimental approach combines scanning tunnelling microscopy, work function measurements, 
thermal desorption spectroscopy and reflection absorption infrared spectroscopy. Various 
combinations of these techniques allow us to pinpoint the location of cations, H and co-adsorbed H2O 
on (vicinal) Pt single crystal surfaces, while others allow us to determine their influence on each other 
and the (electrochemical) properties of the decorated Pt surface.   
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Surface and bulk defects such as oxygen vacancies and Ti interstitials appear in non-stoichiometric TiOx 
thin films but, despite an enormous effort, their precise role in the process of hydrogen generation in 
water splitting process has not been established so far [1]. Intentional introduction of defects results 
in modification of the electronic structure of TiOx by creation of mid-gap electronic states, which 
enhance the charge carrier recombination. This phenomenon affects the efficiency of TiOx thin film 
photoanodes in photoelectrochemical (PEC) cells. Identification of defects resulting from non-
stoichiometry is a challenge in the case of thin films. Experimental methods sensitive to the surface 
and bulk have been employed in this work to distinguish between the factors having particular impact 
on the photoanode performance.  

TiOx thin films (with x from 1 to 2) have been deposited by rf reactive magnetron sputtering from 
metallic Ti target under flow-controlled Ar+O2 atmosphere. Grazing incidence X-ray diffraction (GIXRD) 
measurements reveal that the films are crystalline titanium oxides, from TiO, Ti2O3, to fine- an well-
crystallized rutile and anatase TiO2 [2].  

Surface properties of thin films have been studied with the use of X-ray photoelectron spectroscopy 
(XPS) and Kelvin probe measurements of contact potential difference (CPD) under UV illumination. 
Roughness has been investigated with the use of X-ray reflectivity. X-ray absorption spectroscopy (XAS) 
within the soft range of X-ray synchrotron radiation has been conducted in surface-sensitive total 
electron yield (TEY) mode as well as in volume-sensitive partial fluorescence yield (PFY) mode. In the 
case of bulk defect states, they are also studied from steady-state and time-resolved 
photoluminescence (PL, TRPL) spectra collected under 267 nm diode illumination. Optical properties 
are assessed from transmittance (T) and reflectance (R) spectra with the use UV-Vis-IR 
spectrophotometer. Electrical resistance is calculated based on electrochemical impedance 
spectroscopy (EIS). Functional properties of thin film photoanodes for PEC applications are evaluated 
in three-electrode setup under white light illumination.  

 

The research was financed by NCN Poland, decision no. UMO-2020/37/B/ST8/02539. 

[1] Corby, S.. et al., Nature Reviews Materials, 6, 1136-1155 (2021). 
[2] Płacheta, K. et al., Applied Surface Science, 608, 155046 (2023). 

Wed-PP-35

507



Theoretical modelling of germanium nanowires as anode materials 
in rechargeable batteries  

M. Cruz-Irisson, R. Jiménez Sánchez, P. Morales Vergara, F. Salazar Posadas  

Instituto Politécnico Nacional, ESIME Culhuacan, Av. Santa Ana 1000, C.P. 04430, Ciudad de México, México  

irisson@ipn.mx  

The synthesis and the computational modeling of nanostructures are fundamental to understand, improve, 

and control their properties. Nanomaterials can have an important impact in diverse fields such as energy 

storage devices including the renewable energy sources. In particular, can be used to fabricate 

supercapacitors and rechargeable batteries, such as the Li-ion batteries. In this work, we present a density 

functional theory study of hydrogen-passivated germanium nanowires grown along the [111] 

crystallographic direction (Fig. 1). The study is performed within the local density approximation and the 

supercell technique [1-3]. Four different diameters of nanowires were considered, and the surface 

hydrogen atoms were replaced by Li ones using a sequential process. The results indicate that the 

nanowires have a semiconductor behavior and the energy band gap diminishes when the number of Li 

atoms per unit cell increases. The formation energy results reveal that the Li atoms increase the stability 

of the Ge nanowires, and there is a charge transfer from the Li atoms to the surface Ge atoms. The open-

circuit voltage values are almost independent of the concentration of Li atoms. Moreover, the lithium 

storage capacity results reveal that the Ge nanowires could be good candidates to be incorporated as 

anodic materials in the new generation of rechargeable batteries.  

This work was supported by COFAA-IPN and UNAM-PAPIIT IN102923. Computations were performed at 

the supercomputer Miztli of DGTIC UNAM (Project LANCAD-UNAM-DGTIC-180, and 380). R.J.S. thank 

CONAHCyT and BEIFI-IPN for their scholarships.  

 

  
Fig. 1. Cross sections and lateral views of the non-relaxed morphologies of the four studied GeNWs labeled as M1, 

M2, M3, and M4. The numbers besides the Li atoms (violet spheres) indicate the sequence of substitution of H 
atoms (white spheres) by Li ones. The green spheres represent Ge atoms.  
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Nowadays, the world population growth (12 billion people are expected to populate the world by the 
middle of the 21st century) and the demand of developing countries to improve their life quality are 
factors that have led to the depletion of the fossil fuel reserves [1]. Hydrogen is a candidate to cover 
this energy need since through its usage clean energy can be generated [2,3]. Presently hydrogen 
storage devices consist of high-pressure tanks, isolated liquid hydrogen systems and hydrocarbon 
storage, but these systems remain impractical for vehicular applications [4,5]. Two-dimensional 
nanostructured materials could be suitable for this purpose due to their large surface area per volume 
unit, which may allow for high gravimetric and volumetric energy densities [6,7]. In this work, we 
employ Density Functional Theory to study the effects of decoration with transition metal (TM) atoms 
Ag, Au, Cu, Sc, Ti and Pd on the H2 adsorption properties of tin carbide monolayers (SnC-ML), as a 
prospective material for hydrogen storage. The results indicate that TM adatoms are strongly bonded 
to the SnC-ML and that electronic charge is transferred from the adatoms to the SnC-ML. In particular, 
it is found that Sc and Ti are chemisorbed on SnC-ML with strong binding energies. The most stable 
adsorption site for these metal atoms is above Sn atoms of the SnC-ML. Also, these TM atoms exhibit 
the higher hydrogen-storage capacities with up to four hydrogen molecules per adatom. In contrast, 
the other studied metals have at most 2 hydrogen molecules adsorbed. Approximate temperature- and 
pressure-dependent curves suggest that, to storage hydrogen, Sc and Ti-decorated SnC-ML should be 
cooled under freezing temperatures, or kept at 1 MPa and 2.5 MPa, respectively, which are much lower 
pressures than those currently used in vehicular tanks, which attain pressures of 35 MPa. These results 
indicate that Sc and Ti decorated SnC-ML can be useful as hydrogen-storage solid-state devices [8]. 

 
Fig. 1. Top and side views of the configurations of the maximum number of hydrogen molecules adsorbed on 

the TM-decorated SnC-ML [8]. 
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Hybrid organic-inorganic perovskite (HOIP) materials have gained great interest in a wide range of 
optoelectronic applications. Impressive power conversion efficiencies, due in part to their long carrier 
diffusion lengths and high light absorption coefficients [1] are countered by their structural sensitivity 
to environmental factors, such as temperature and humidity [2] - ultimately hindering performance. To 
inform future optoelectronic device design, detailed understanding of these surfaces is critical in the 
formation of interfaces to carrier transport layers.  
  

The prototypical perovskite single crystal (MAPbBr3) is cleaved in-situ along intrinsic (001) cleave plane, 
providing a pristine surface to understand morphology with LEEM/PEEM and crystallographic 
information with µ-LEED.   
These results establish surface lattice heterogeneity, manifesting across the sample surface as different 
domain contrast, when combined with LEED IV measurements a sub-surface – surface phase transition 
is observed at room-temperature from tetragonal to cubic phase, occurring at much higher 
temperature than bulk phase transition in MAPbBr3.  
  

Such lattice distortions and their origin are important in further understanding degradation behaviour 
in optoelectronic device architecture.   
  
[1] K. Zheng, Q. Zhu, M. Abdellah, M. E. Messing, W. Zhang, A. Generalov, Y. Niu, L. Ribaud, S. E. Canton, T. Pullerits, J. Phys.  

      Chem.Lett. 6, 2969, (2023)  
[2] R. Kerr, T. J. Macdonald, A. J. Tanner, J. Yu, J. A. Davies, H. H. Fielding and G. Thornton, Small, 2301014, 2023  

  

Wed-PP-38

510



Ultrafast Photodynamics of N3 Dye on TiO2 

 

J. T. Davies1, 2, Y. Zhang3, D. Kutnyakhov4, L. Wenthaus4, N. Lau1, H. Fielding1, G. Thornton1, 2 

 
1 University College London Department of Chemistry, WC1H 0AJ, London, UK 

2 London Centre for Nanotechnology, WC1H 0AH, London, UK 
3 Artemis, Central Laser Facility, OX11 0FA, Harwell, UK 

4 FLASH, DESY, 22761, Hamburg, Germany 

uccajtd@ucl.ac.uk 

  

Interfacial charge-transfer dynamics play a crucial role in emerging photovoltaic and photocatalytic 
applications. In dye-sensitized solar cells (DSSCs), hot electrons are produced via photoexcitation of a 
sensitizer (commonly dye molecules or perovskites), which are then injected into TiO2. However, 
despite several studies, the understanding of charge transfer within these systems remains nebulous. 
Of particular interest is the potential role of the Ti 3d band gap state, induced by oxygen vacancies in 
TiO2, which may act as near surface trap states – immobilizing injected electrons. These states can be 
induced with UV irradiation, which suggests a possible explanation for degradation of device 
performance under solar irradiation.   

The (110) surface facet of Rutile TiO2 sensitized with N3 (cis(disothiocyanato)-bis(2,2’-bipyridyl4,4’-
dicarboxylic acid) ruthenium(II)) dye is investigated using time resolved photoemission at the CLF’s 
Artemis HHG XUV source, revealing the ultrafast dynamics of photoexcitation and charge injection 
across the valance and conduction bands. The Ti 3d defect state is distinguished by exploiting a known 
photoemission resonance. Preliminary data is also presented of the same system investigated using 
time resolved XPS at DESY’s FLASH free electron laser, revealing core level dynamics of the C 1s, O 1s, 
and Ti 2p orbitals.  

Fig. 1. Photoemission difference spectra of the N3 dye/R(110) TiO2 interface (505 nm pump, 28 eV probe) taken 

at the Artemis XUV source. Depletion of the dye HOMO and the population of excited dye and TiO2 states can 

be seen along with an increase in signal from a lower lying dye state. 
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Janus particles have gained a lot of attention due to their dual nature [1, 2]. Janus particles can be 
produced by using Pickering emulsions. Pickering emulsions are stabilized with particles instead of 
organic surfactants or polymers and will only form if particles exhibit both hydrophilic and hydrophobic 
natures [3 – 9]. One of the options for the synthesis of Janus particles is by using Granick’s method [3, 
4]. In Granick’s method wax-in-water system is used, resulting in wax balls covered with nanoparticles. 
One side of the nanoparticles is protected by wax, while the other side is exposed for further treatment. 
An additional benefit is, that the wax spheres can be filtered without losing the nanoparticles and used 
at the convenience at later times. Once the exposed surface is modified with the first ligand, the wax 
is dissolved. Dissolving the wax exposes the other surface for modification with a second ligand. 

In our study, Ba-hexaferrite nanoplatelets were hydrothermally synthesized and dispersed in aqueous 
media. The wax spheres were prepared according to modified Granick’s method by using Ba-hexaferrite 
nanoplatelets [3]. For the surface modification steps, phosphonate and silane types of ligands were 
used. One type of ligand was used for each side of the nanoplatelets. The characterization of 
nanoplatelets was done by zeta potential, X-ray Photoelectron Spectroscopy (XPS) and Transmission 
Electron Microscopy (TEM) analysis. Although the results of zeta potential and XPS are a strong 
indication of the surface modification, with ligands, they don’t provide or confirm the presence of Janus 
particles. TEM analysis of the nanoparticles with an Atomic Resolution Electron Microscope (ARM) in 
combination with EDS reveals the composition on the two sides of the nanoplatelets. The presence of 
Si or P on one side and the lack of element on the other side of the platelets is a good indication of the 
successful modification of surfaces with just one of the ligands. 

 

Acknowledgements: The study was partly funded from the European Union's Horizon 2020 research 
and innovation programme under grant agreement no 899285. 
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Fullerenes are unique molecules with a spherically distorted π-conjugated system and are considered 
as promising materials for single-molecule devices such as transistors and switches because of their 
electron accepting ability and various chemical modification possibilities. In this study, we focus on 
higher fullerenes, which are carbon clusters larger than C60. Higher fullerenes have different features 
from C60 such as a narrower HOMO-LUMO gap due to an enlarged π-conjugated system and a less 
symmetric molecular backbone, and are expected to improve the functionality of molecular devices 
such as electrical conductivity and thermoelectricity. However, the structure of higher fullerene single-
molecule junctions (SMJs) has not been elucidated, despite the fact that the transport properties of 
SMJs strongly depend on the junction structure. Here, we fabricated C70 SMJs by the scanning tunneling 
microscopy-based break junction (STM-BJ) technique and investigated the junction structures and the 
charge transport properties. 

Figure 1a shows the two-dimensional conductance-elongation histogram of C70 junctions sandwiched 
between Au electrodes. Two conductance states (H and L states) were observed, and the conductance 
were determined to be 36 mG0 and 0.57 mG0, respectively. Next, DFT calculations were performed to 
simulate the rupture process of the junction. Figure 1b and 1c show the optimized junction structures 
and energies obtained by stepwise opening the gap between the electrodes. The discrete energy 
change occurred at an inter-electrode distance of 1.0 nm, indicating that the conductance jump from 
H state to L state is due to the structural change in which C70 moves from the sides of the electrodes to 
the gap between them. Finally, we performed I–V measurements and obtained the electronic 
structures of the C70 SMJs (i.e., the energy difference of the molecular orbital and Fermi energy of the 
metal electrode (ε) and the electronic coupling between the metal and the molecule (Γ)) based on the 
resonant level model [1]. Figure 1d and 1e show the two-dimensional ε- and Γ-elongation histograms, 
respectively. Γ is decreased by about a factor of five with the junction elongation, indicating that the 
difference in conductance between the two states is due to the decrease in the metal-molecule 
coupling. 

  

Figure. 1. (a) Two-dimensional conductance-elongation histogram of C70 SMJs (Inset: Example of conductance-
elongation traces). (b, c) Optimized junction structures and energies obtained by DFT calculations. (d, e) Two-
dimensional ε- and Γ-elongation histograms. 

 
[1] Y. Komoto, S. Fujii, H. Nakamura, T. Tada, T. Nishino, M. Kiguchi, Sci. Rep., 6, 26606 (2016). 
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Silver thin films are used in a number of applications (e.g., transparent and conductive electrodes and 
architectural glazing), which require a continuous layer with thickness below a few nanometers. 
However, Ag films grown by magnetron sputtering have the tendency to form 3D-structures on weakly 
interacting substrates. It is reported that the use of gas additives (particularly N2 [1]) and the growth 
of Ag on amorphous Ge seed layers [2] allow for obtaining a continuous layer at an earlier deposition 
stage. We want to gain a thorough understanding of the mechanisms during the deposition process. 
Synchrotron radiation makes it possible to investigate the growth process in real-time [3]. In particular, 
we use real-time in situ grazing incidence small angle x-ray scattering (GISAXS), grazing incidence 
diffraction (GID) and substrate curvature measurements. The real-time studies are complemented by 
lab-based in situ techniques, x-ray photoelectron spectroscopy (XPS) and atomic force microscopy 
(AFM), which give insight into the morphology and surface composition of the as-grown sample. With 
our approach we can establish a correlation between atomic-scale mechanisms and resulting film 
morphology and understand the role of additives in modifying Ag growth. Our results we will provide 
guidelines for further optimisation of the growth.  
 
I will present the general experimental approach and first results showing the impact of the additives 
on the film morphology. The main focus will be set on the topic of the analysis of the GISAXS data 
obtained for the curved sample. 
 
Acknowledgements: The work is performed within the frame of the ANR-DFG project IRMA. The 
synchrotron experiments were performed at the SIXS beamline at SOLEIL. 
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Nanobiotechnology involves the engineering of systems, devices, and materials which can be 
implemented within a physiological system on a scale between 1-100 nm. Nanometric materials have 
significant potential to exhibit unprecedented capacities for drug delivery due to their small size, large 
surface area, and the capability of changing their surface properties via modification. Among all 
nanosized materials, magnetic nanoparticles (MNPs), especially superparamagnetic iron oxide 
nanoparticles (SPIONs), are at the top of the biomedical research trends [1, 2].  

The aim of this project is to develop strategies for obtaining and evaluating the physicochemical 
characteristics and biological activity of a novel, intelligent hybrid nanomaterials (MNP-CPP-TM-drug), 
which are a combination of magnetic nanoparticles (MNP) and active anti-cancer multifunctional 
compounds (conjugates) (Fig. 1). The finished structure should display anti-cancer efficacy and have 
fewer side effects thanks to improved transport to cancer cells and greater selectivity and specificity of 
interaction with cancer cells.   

An efficient technique for coating magnetic nanoparticles with proteins, polysaccharides, and other 
cross-linkers was established in the initial phase of the study. First, it was assumed that the shell must 
be biodegradable and enable the attachment of the linker, to which the anticancer drug conjugate and 
targeting peptides are later attached. Secondly, the coating should eliminate the release of iron ions 
from the MNP, which supports biological properties (eliminating the cytotoxic effect). Targeting 
molecules are EGF fragments capable of interacting with the EGF receptor (EGFR). Docetaxel was used 
as an anticancer drug in this research. The presence of the magnetic nanoparticle in the target material 
should also allow for their use in thermal ablation, which is targeted thermoablation due to the 
presence of the targeting peptide guaranteeing interaction with overexpressed receptors in cancer 
cells.  

Acknowledgments: Research supported by the “FU²N - Fund for Improving the Skills of Young 

Scientists” program, grant number 503-3-32-4-1 from the Lodz University of Technology. 

  
Fig. 1. The hybrid nanomaterial is composed of multifunctional compounds attached to a magnetic core.  

[1] L. Zhou et al., J. Mater. Chem., 21, 9, 2823-40 (2011).  
[2] M. Ziegler-Borowska et al., Catalysts, 7, 1, 26 (2017).  
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Few pioneering works have studied catalytic features of surface metal organic framework (SMOF) [1,2], 

self— assembled in Ultra High Vacuum (UHV), by Electrochemical STM (EC-STM) [3,4], showing that is 

possible to determine the structure of the active metal sites, in-operando conditions [5]. However, the low 

stability of some SMOFs in EC environment is a problem that hinder this research approach [6]. In our 

research quest, we attempt to connect the fields of on-surface synthesis and SMOFs, in order to obtain 

large and stable covalent polymers that coordinate metal atoms by specific organic functional groups. Here 

we present the first results of this approach: through Ullmann-like coupling at controlled pressure and 

temperature, we have structured homogenous and uniform nanochains on metallic substrates. 

Consecutively, deposition of transition metal atoms with a sub-monolayer coverage was done, such that, 

they are confined between the nanochains. Employing a combined study using scanning tunneling 

microscopy (STM), X-ray photoelectron spectroscopy (XPS), Low energy electron diffraction (LEED) in UHV, 

we propose accurate models of the surface structuring of nanochains, and conformation of substrate-

bound metal and halogen atoms. Following the work, our focus will be to study the surface catalytic activity 

of the engineered nanostructures with respect to important reactions for green economy, like CO2 and O2  

reduction, both in UHV and in the electrochemical environment.  

  

  

Fig. 1. a. UHV-STM image of nanochains confining the transition metal atoms. b. The structural model obtained from 

our experimental finding.   

[1] Gutzler, Rico et al., ACS Acc. Chem. Res. 48, 2132−2139 (2015).  
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[4] Kim, Byung et al., Surface Science, 606 1340–1344 (2012).  
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[6] Feng, Heifeng et al., Electrochemical Energy Reviews, 4, 249–268(2021).  
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In this study, the growth of plasmonic silver and gold nanostructures (AgNSs, AuNSs) on anatase were 
systematically studied in terms of morphological characterization, extinction, and surface enhanced 
Raman spectroscopy (SERS). These nanostructures show spherical to polygonal shapes, diameter (8-
108 nm), and surface coverage (12-62%). Morphological properties strongly affect nanoplasmonic 
features as revealed by electronic and SERS spectra. SERS signal was probed by 4-mercaptobenzoic acid 
to elucidate the stability and uniformity of the designed substrates, while malachite green to evaluate 
the nanostructures performance under off- and resonance conditions. A correlation of geometrical 
parameters and SERS performance indicate synergistic contribution of the formation of hot spots 
between Ag- or AuNSs. SERS enhancement appeared in conjunction with charge transfer and 
electromagnetic mechanisms and with the type of adsorption occurring on metallic and semiconductor 
interface. A micromolar limit of detection was achieved for the thiol monolayer. For malachite green 
illuminated with a laser matched to electronic transition of the dye, we observed the limit of detection 
of 9 × 10−11 M. [1,2]  
Photo-induced enhanced Raman spectroscopy (PIERS) is a novel technology that provides an additional 
Raman signal enhancement compared to electromagnetism generated by surface plasmons in noble 
metals (Fig.1a). AgNSs on a very thin anatase film generated SERS and PIERS hotspots resulting in 
different plasmonic features (Fig.1b). Only 15 min UV pre-treatment of a very low photon density 
already activates an increase in electron density and charge-transfer processes that yield a signal 
improvement of a factor up to  12-17 under non-resonant conditions of the molecule over conventional 
SERS (Fig.1c). This phenomenon is observed for a molecular monolayer of a thiol derivative. We achieve 
high-quality SERS and PIERS substrates with a long lifetime of photo-induced hot electrons. 

 
Figure 1. a) Scheme of PIERS principle; b) SEM images of SERS/PIERS Ag-TiO2 plasmonic substrate; c) Averaged 

PIERS (blue and red) and SERS (green) spectra of 10 µM 4-MBA on Ag-TiO2. 
 

This work was supported by the University of Lodz, within Research Grant No. B2211102000109.07 
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This study demonstrates the successful application of in-situ spectroscopic ellipsometry, specifically the 
Kretschmann-Raether configuration, for monitoring solid-liquid interfaces with high sensitivity and 
quantitative capabilities. The focus of the investigation lies in exploring interface layers suitable for 
biosensing applications, where optical signal enhancement and chemical compatibility are crucial 
factors for effective molecule adsorption and detection. For the performance enhancement of the 
biosensors, the study investigates AgxAl1-x layers with varying compositions and Au layers with shifting 
periods and critical dimensions. Finite element method simulations and optical models based on the 
transfer matrix approach are developed to analyze the structural properties of the nanostructured 
layers. In the experimental setup, the Kretschmann-Raether configuration is employed, with the setup 
illuminated by a hemi-cylinder with a focused spot. The composition of the AgxAl1-x layers is varied 
along the gradient by moving the setup, enabling the examination of the structured layers in both 
lateral and vertical directions. The optimal plasmonic configuration is determined, achieving a high 
refractive index sensitivity on the order of 10-6 and a surface mass density of approximately 10 pg/mm2. 
The ellipsometry measurements provide valuable phase information that can be utilized in conjunction 
with the changeable resonant features of the biosensors. To extract relevant information from the 
measured data, inverse fitting techniques are employed, involving the use of materials and geometrical 
derivatives. This approach aids in accurately matching the model data to the experimental 
measurements, allowing for a detailed characterization of the solid-liquid interfaces and the evaluation 
of their biosensing performance.  
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The change of the magnetization m in ultrathin magnetized layer under influence of short laser pulse 
of high power is given by equation [1]: 

𝑑𝑚

𝑑𝑡
= 𝑅𝑚

𝑇𝑝

𝑇𝑐
(1 − 𝑚𝑐𝑜𝑡ℎ(

𝑚𝑇𝐶

𝑇𝑒
))         (1) 

 

where 𝑇𝑒 , 𝑇𝑝 represent temperature of electrons and phonons subsystems respectively. We suppose 

that these temperatures are different for electrons and phonons for a scale of time less than relaxation 
time of system, 𝑇𝑒 , 𝑇𝑝 and m are function z- the coordinate perpendicular to film surface. The values 

𝐶𝑝 and 𝐶𝑒 are the values of phonon and electron specific heat respectively while 𝑇𝐶  represents the 

Curie temperature. 

 In the case of ultra-thin magnetic films in numerical analysis it is necessary to consider the influence 
of the size effect on the basic parameters describing the sample such as a magnetization, the Curie 
temperature or the Fermi energy. 

In order to describe the size effect and its influence on the results of calculations we use the concepts 
of magnetic equation of state for magnetic materials[2,3]. This idea allows us to consider the size effect 
in the relatively fast and easy method and allows us to avoid complicated time-consuming calculations 
based on the Density Functional Method(DFT). 

The extensive thermodynamics is used in order to introduce the size effect in presented model of 
calculation for ultra-thin film. The average value of magnetization for a non-homogeneous system for 
a thin solid layer with a thickness of n monatomic layers can be expressed by : 

⟨m⟩ = ⟨m⟩3D +
1

n
(⟨m⟩2D − ⟨m⟩3D)        (2) 

Where ⟨m⟩2D and ⟨m⟩3D denote the mean values of magnetization for the system 2D and 3D 
respectively. The similar relation for critical temperature in a non-homogeneous system for a thin solid 
layer including n monolayers can be given by [3]: 

⟨𝑇𝐶⟩ = ⟨𝑇𝐶⟩3D +
1

n
(⟨𝑇𝐶⟩2D − ⟨𝑇𝐶⟩3D)        (3) 

The introductory numerical results of magnetization are interesting and show an influence of the size 
effect on the ultrafast demagnetization process in magnetic materials.  

 
[1] B. Koopmans, G. Malinowski, F. Dalla Longa, D. Steiauf, M. Fähnle, T. Roth, M. Cinchetti, M. Aeschlimann, Nature Materials, 
9, 259 (2010)  
[2] T. Bakcerzak, Journal of Magnetizm and  Magnetic Materials 177-181, 771 (1998)  
[3] K. Warda, Journal of Physics; Condensed Matter 21, 345301 (2009). 
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TiO2 is extensively studied given photocatalytic applications thanks to its low cost, long lifetime of 

electron/hole pairs and high oxidizing power of photogenerated holes. However, the large bandgap of 

TiO2 (3.2 eV for anatase and 3 eV for rutile) limits its good photocatalytic activity to a small fraction of 

solar energy radiation (UV light) [1]. According to theoretical results [2], the extension into the visible 

range should be obtained by synthesizing N-doped TiO2 or titanium oxynitride (TiO2-xNx). Thus, for 

largescale usage, it is crucial to synthesize TiO2-xNx nanomaterials characterized by improved 

performance surface properties and high chemical-physical stability to obtain a significant catalytic 

activity upon UV and visible light. TiO2-xNx powders were mixed at TiN/TiO2 mass ratios of (75/25), 

(50/50) and (25/75) and pressed into a disk. Then, the compacts were maintained at around 250°C for 

1 hour. Pulsed laser ablation (PLAL) processes of the TiO2-xNx pressed powders, as well as of commercial 

TiN and TiO2 targets (synthesized at the temperature of 1200°C from Mateck srl), were carried out in 

deionized water (H2O). The targets were irradiated at the laser fluence of 0.5 J/cm2 and for an 

irradiation time of 15 min (samples labeled TION3-5 and TION1P-5P-17P-12P) and at 1.5 J/cm2 and for 

30 min (TION4), by the 532 nm radiation coming from an Nd: YAG laser source, operating at the 

repetition rate of 10 Hz and the pulse width of 6 ns. By using the Scanning Transmission Electron 

Microscopy images, the colloids obtained ablating the (25/75) TiN/TiO2 powder targets show a porous 

morphology with some spherical nanostructures with a mean diameter of about 50 nm. Also, the 

colloids show an analogous morphology prepared to ablate the TiN powder target.  A high density of 

nanoparticles with a spherical shape and size mainly below 30 nm characterizes the colloids prepared 

to ablate the high purity (99.99%) commercial TiN rod target. And then, by using the UV-vis optical 

absorbance spectra, the colloid obtained by a TiN rod target is transparent (over 90%) in the visible 

range with a sharp absorption edge at about 350 nm. A broad band at around 420 nm characterizes 

the sample prepared from the powder target at high TiO2 amount; A slight blue-shifted is evident in 

the colloids prepared using the pressed and sintered target with a (75/25) TiN/TiO2 mass ratio; for this 

sample, the 420 nm band is absent while a significant visible light absorption contribution up to 600 

nm is evident, probably due to the electronic transition from localized N doping level to the conduction 

band of TiO2 [3]. Photocatalytic activity Under UV and visible irradiation, all the produced 

nanostructures show a photocatalytic activity towards the methylene blue (MB) dye molecule. All the 

photocatalytic reactions were undertaken in the air, as the photobleaching of MB is irreversible in an 

oxygen-saturated aqueous solution such as ours.  Photocatalytic decolorization percentages (during UV 

and visible irradiation) of MB dye indicate that mainly the samples containing a relatively high amount 

of N, a high surface-tovolume ratio and an increasing absorption in the visible light region show the 

best photocatalytic activity over the 1 h timeframe of the experiment.  

  

[1] S. Filice et al., J.Col. Int.Sci. 489, 131 (2017)  
[2] R. Asahi  et al., Science 293, 269 (2001)  
[3] S.A. Ansari et al., New J. Chem., 40, 3000 (2016)  
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Since Ti3C2[1] nanosheets were found in 2011, MXene, a two-dimensional material which consists of 
atomic layers of transition metal carbides and nitrides, has been attracting attention as an electrode 
material and catalyst material. MXenes can be prepared by etching from the parent bulk layered 
ternary materials, MAX phased. Hot isostatic pressing [2] is a common method to produce MAX 
phases, but dense sintered compacts are obtained, that is not suitable for exfoliation. In a pressure-
less sintering method using a tubular furnace to react under an inert gas atmosphere[3], oxides are 
formed on the sample surface due to the residual atmosphere in the furnace.  

Therefore, we have developed a high-temperature, highvacuum furnace for MAX-phase synthesis by 
converting an ultra high vacuum (UHV) chamber for thin film deposition. We were able to heat the 
materials under up to 1350 °C by using an alumina coated tungsten basket for heating the deposition 
source as the heating part. A photograph of our furnace developed in this study is shown in Fig. 1.  

Ti2AlC, a typical MAX phase, was synthesized in this furnace by mixing pure Ti, TiC, and Al powders in 
a molar ratio of approximately 1:1:1, forming a pellet, and sintering the pellet at 1300 °C in a high 
vacuum for 1 hour. The sample was removed from the furnace and grinded for powders. XRD 
measurement confirmed that Ti2AlC had been  synthesized. The obtained XRD spectrum is shown in  
Fig. 2. The yield of Ti2AlC was about 70 %. In the  presentation, we will report the results of XPS, SEM, 
and Raman spectroscopy, compared with samples prepared by the conventional method using a 
tubular furnace under argon gas flow.  

Acknowledgments: XRD measurements were performed with the cooperation of Dr. A. Saito. XPS 
measurements were performed with the cooperation of Mr. H. Yasuhuku. Raman spectroscopy 
measurements were performed with the cooperation of Mr. R. Goto .  

[1] M. Nagib et al, Advanced Materials, 23, 37, 4248-4253,  (2011)  
[2] W. Yu et al, Acta Materialia, 80, 421-434, (2014)  

  
[3] G. Deysher et al, ACS Nano 2020, 14, 1, 204–217, (2019)  

Fig.1 High – temperature, high – Vacuum 

furnace developed in this study 

Fig.2 XRD spectrum of Ti2AlC sample  prepared in 

this study 
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Two-dimensional magnets with van der Waals structures, including Cr2Ge2Ch6  which is one of unique 
cases of naturally forming semiconductors with ferromagnetic properties, are recently becoming 
revisited due to their potential uses. This fascinating group of materials gives high hopes to improve 
our spintronics nanotechnology and understanding of magnetics effects in 2D-structures. As that is said, 
quite a few important qualities of Cr2Ge2Ch6  are still a mystery, for example aspects of spin-phonon 
coupling relevant to spintronic.   

In this work we examine Raman scattering of  thin flakes Cr2Ge2Te6 in wide temperature range (5300 K), 
its resonant conditions for different excitation energy, and its polarization dependence.  

We found that stronger resonant response is seen with solid state 785 nm laser, which allows to observe 
few otherwise unseen phonon modes. Many of theses mods can’t be seen while using different 
excitation energy [1].  Still we can observe drastic change in spectrum around 60K, which is probably 
correspondent to phase transition in structure. This facts suggest is ferromagnetic nature in 
lowtemperature, low-dimensional systems.    

Fig. 1. Figure False-colour map of temperature evolution of the Raman scattering spectra measured on Cr2Ge2Te6 

  
[1] Y. Tian, et al., 2D Materials 3, 025035 (2016)   

Wed-PP-50

522



Metal-free Organic Dyes Adsorbed on the Surface of TiO2 
Nanoparticles as Sensitizers in Solar Cells 

 
E. Krawczak1, A. Zdyb1 

 
1 Department of Renewable Energy Engineering, Faculty of Environmental Engineering, Lublin 

University of Technology, Nadbystrzycka 40B, 20-618 Lublin, Poland  
 

a.zdyb@pollub.pl  

 

Dye-sensitized solar cell is a photoelectrochemical system in which titanium dioxide nanoparticles 
constituting the coverage of photoanode are sensitized to the visible range of solar radiation by usage 
of dyes [1,2]. 

This work presents the performance of metal-free dyes such as: phenylfluorone, pyrocatechol violet 
and alizarin, common feature of which is the presence of the catechol group ensuring permanent 
adsorption of dye molecules on the surface of titanium dioxide and the electron transfer to the TiO2 
nanoparticle. SEM images showed mesoporous structure of the TiO2 layer with the right nanopore size 
to allow penetration of the electrolyte. Diffuse reflectance measurement proved that TiO2 coating 
exhibit the ability to scatter the light which can enhance the overall light harvesting. UV-vis 
characterization of the photoanode demonstrated that the sensitization of TiO2 leads to a broadening 
of the light absorption. The positions of HOMO and LUMO energy levels of sensitizers are suitable for 
the efficient charge transfer. The influence of dye solution concentration and adsorption time was 
investigated and optimized parameters were determined for each dye. In the structure of the cells, a 
reflective layer was introduced on the back side for better light capture and improved photovoltaic 
performance. The photocells sensitized with N719 ruthenium dye were also prepared according to the 
same methodology and used as a reference to evaluate the investigated cells and compare the 
obtained results. 
 
[1] Prakash P., Janarthanan B., Inorganic Chemistry Communications, 152, 110638 (2023). 
[2] Chiba Y. et al., Japanese Journal of Applied Physics, 45, 638 (2006). 
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The modification of nanolayers to obtain new physical and chemical properties is of great importance 
to the nanotechnology industry. One possibility of modification is the irradiation of nanolayers with 
low-energy, highly-charged ions (HCI). HCI deposit their energy on or near the surface of the nanolayer, 
which can lead to the creation of defects and erosion (smoothing, increased roughness) and the 
formation of the nanolayer whose physical and chemical properties may differ from the initial ones [1]. 

The main aim of this work was to determine the morphological changes of Ti and TiO2 nanolayers 
caused by their irradiation with low-energy Xeq+ ions. The nanolayers were irradiated at the Kielce EBIS 
facility [2]. X-ray reflectometry (XRR) and grazing incident X-ray fluorescence (GIXRF) methods were 
used to determine the structural changes of the nanolayers [3, 4].  The measurements of XRR and GIXRF 
were performed at Elettra Synchrotron X-ray fluorescence beamline, using a synchrotron X-ray beam 
with energy 6.0 keV. 

The experimental results obtained with both methods, for Ti and TiO2 nanolayers irradiated with 
different charge states of Xeq+ ions (q = 25, 30, 35), will be presented and compared with the theoretical 
XRR and GIXRF curves [5]. The XRR method allowed to obtain information on the density, thickness, 
and roughness of the nanolayers, whereas GIXRF method on O, Si, Ti elements depth profiles. 

EBIS facility is supported by Polish MEiN (project 28/489259/SPUB/SP/2021).  
 
[1] X. Xiang, et al., Nucl. Instrum. Methods Phys. Res. B, 250 (1–2), 382–385 (2006) 
[2] D. Banaś, et al., Nucl. Instrum. Methods Phys. Res. B, 354, 125-128 (2015) 
[3] R. Klockenkämper, Spectrochim. Acta B, 61, 1082-1090 (2006) 
[4] L. G. Parratt, Phys. Rev., 95, 359-369 (1954) 
[5] R. Stachura et al., Nucl. Instrum. Methods Phys. Res., B 536, 126–131 (2023) 
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After the discovery of graphene, there have been continued efforts to investigate new classes of 2D 

materials with better carrier mobility and intrinsic bandgaps suitable for the electronic industry. Such 

2D materials encompass transition metal dichalcogenides (TMDCs), iron (Fe) based thin films, various 

oxide thin films, and their heterostructures. Binary surface alloys constitute another class of 2D 

materials with growing interest as evidenced by many recent publications [1-7]. Our group has 

contributed several binary surface alloys on semiconductor surfaces [3,4,6,7]. Recently, we investigated 

an In-Pb binary surface alloy on the Si(111) surface. The results exhibit well-ordered structures as 

verified by low energy electron diffraction (LEED) and angle-resolved photoelectron spectroscopy 

(ARPES). We have studied two coverages of In on PbSi(111)√3×√3 that result in √3×√3 and 4×4 

periodicities. The In/Pb/Si(111)√3×√3 surface was formed by evaporating 1.4 ML of Pb onto a 

Si(111)7×7 surface, which after annealing to ≈200 °C exhibited a Pb/Si(111)√3×√3 surface. The addition 

of 1.0 ML of In onto this surface and annealing at ≈200 °C resulted in a well-defined In/Pb surface alloy 

with √3×√3 periodicity, as verified by LEED. We have identified five surface bands of the 

In/Pb/Si(111)√3×√3 surface. Two bands cross the Fermi level resulting in a metallic character of the 

surface. A slightly lower amount of In (0.75 ML) on Pb/Si(111)√3×√3 resulted in a 4×4 periodicity after 

tiny annealing as verified by LEED. The InPbSi(111)4×4 surface shows a quite different band structure 

compared to the √3×√3 surface. The constant energy contours of the surface bands show interesting 

shapes together with a flower-like contour centered at the Brillouin zone due to the emission from bulk 

bands. Core level spectra of Pb 5d and In 4d will be discussed concerning the environment of the In 

and Pb atoms. The atomic structures and topography of the surfaces will be presented by scanning 

tunneling microscopy (STM). The poster will summarize the experimental results of In-Pb surface alloy 

on Si(111) and compare them with that of similar In-Pb alloy on Ge(111) as published earlier [3].  
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